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ABSTRACT
Biomass can be converted into fuel and value-added products (e.g., biopesticides) by
thermo chemical processes (e.g., pyrolysis). Lignin, cellulose, and hemicelluloses are the
principal components o f plant biomass. All three biomass components were individually,
as well as in mixture, pyrolyzed at 550°C in a 0.078 m diameter, 0.52 m high fluidized
bed reactor with nitrogen as the fluidizing gas and silica sand as the bed material. The
first objective o f this study was to determine which biomass fractions are responsible for
the insecticide activity o f biomass bio-oil, by testing the individual toxicity (LC50) of
lignin, cellulose and hemicellulose bio-oils, toxicities o f mixtures o f lignin, cellulose and
hemicellulose bio-oils as well as toxicities o f lignin bio-oil fractions to the Colorado
potato beetles (CPB) {Leptinotarsa decemlineata (Say)). The cellulose-hemicellulose bio
oils combination showed synergism, whereas lignin-cellulose-hemicellulose bio-oils
combination had an antagonistic effect. The combination o f lignin bio-oil fractions of
condenser aqueous phase, condenser organic phase and electrostatic precipitator (ESP)
produced additive toxicity. The second objective was to investigate the pesticidal activity
o f the bio-oil produced from lignin, cellulose, and hemicellulose individually pyrolyzed
at two temperatures, 450 and 550°C, in a bubbling fluidized bed reactor. Three species of
insects, the CPB, the cabbage looper (CL) (Trichoplusia ni (Hubner)), and the pea aphid
(PA) (Acyrthosiphon pisum (Harris)) were used to assess the range o f insecticidal effects
o f the different bio-oils. Bio-oil from lignin pyrolyzed at 550°C collected by an
electrostatic precipitator, was the most active against the CPB at 30 mg/mL, while 3
mg/mL reduced aphid reproduction. The bio-oil did not produce any toxicity for the CL
in the same concentration range. The lignin ESP bio-oil at 550°C was further separated
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into polar and non-polar . phases by liquid-liquid extraction using water and
dichloromethane (DCM). The ESP-DCM phase retained the activity in the CPB bioassay,
and was further ffactioned by semi-preparative high pressure liquid chromatography
(HPLC). None o f the individual fractions was active, but a range of fractions at the end o f
HPLC collection when re-combined were found to be active. The recombined oil was
analyzed by gas chromatography-mass spectrometry (GC-MS) to identify the active
component(s). Six o f the ten most abundant peaks from GC-MS chromatogram are
polycyclic aromatic hydrocarbons (PAHs). Anthracene was confirmed by standard, while
the other possible PAHs are pyrene, phenanthrene, fluoranthene, methyl substituted
fluoranthene, and fluoranthene. Stearic and palmitic acid were also confirmed. The
PAHs, stearic and palmitic acid are known to be toxic to insects, however none o f these
compounds is effective individually at the concentrations detected in the bio-oil fractions.
Therefore, synergy between these compounds is likely providing the observed activity.
From the perspective o f pesticidal action, this will make it harder for an insect such as the
CPB to develop resistance to multiple compounds.

V

Objective three was the optimization o f pesticide production using a novel reactor
technology that can separate the bio-oil at specific temperature ranges. Lignin was
pyrolyzed within a temperature range o f ambient-600°C in a 0.13 m diameter, using a
0.15 m high mechanically fluidized reactor (MFR). The toxicity o f the different
temperature cuts was tested using the CPB bioassay. Bio-oil from the 250-300°C cut was
the most active against the CPB, and when analyzed by GC-MS and compared to other
temperature cuts, three o f the ten most abundant peaks were confirmed as guaiacol,
catechol, and stearic acid by standard. However, no CPB mortality was observed for the
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standard mixture which is the same as their concentration in the bio-oil indicating that
other compounds are involved in the overall activity. Although tlie same amount o f lignin
biomass produces approximately four times more toxic bio-oil when it is pyrolyzed by
bubbling bed reactor instead o f MFR, the bio-oil production by MFR is more efficient
because the expensive liquid-liquid extraction and HPLC separation can be eliminated to
retain the pesticidal components o f the bio-oil.

Keywords: lignin, cellulose, hemicellulose, bio-oil, pyrolysis, and biopesticide
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CHAPTER!
INTRODUCTION
1 ! . Biopesticides
With the increased environmental awareness and the potential health hazards posed by
the application o f synthetic pesticides, the demand for biopesticides has been increasing
steadily worldwide1. Biopesticides are living organisms (plants and microorganisms
including bacteria, viruses, and fungi) or natural products derived from these organisms
that are used to control pest populations. There are three kinds o f biopesticides:
microbial,

plant-incorporated

protectants

(genetically

modified

organisms)

and

biochemical2. Microbial pesticides consist o f a microorganism, such as a fungus,
bacterium, virus or protozoan as the active ingredient. Plant-incorporated-protectants, for
example Bacillus ihuringiensis ((Bt), a gram-positive, spore-forming bacterium) insectresistant crops, are pesticidal substances that plants produce from genetic material that
has been engineered into the plant. Biochemical pesticides are naturally occurring
substances that control pests by non-toxic (e.g., insect sex pheromone) or toxic (e.g.,
pyrethrins from Chrysanthemum cinerariaefolium) modes of action.
Research in the area o f biochemical pesticides involves the investigation o f promising
plant species for novel natural products that may be applied for crop production. A
potential source o f new material for this investigation may be derived from plant biomass
previously considered as a waste or residue of agriculture and forestry practices.

2

1.2. Agricultural or forestry waste as a source of biomass
Renewable energy sources are growing in importance because of the threat o f global
climate change, environmental pollution and reduction in availability o f fossil energy
resources. Increasingly biomass is considered as a renewable resource for valuable fuel
and products. In Canada and throughout the world, agricultural and forestry waste
represents both an environmental problem and an important potential source of energy
and products. If this biomass can be converted into fuel and products, it will reduce
pollution by substituting for fossil fuel sources. Similarly, as synthetic pesticides are
expensive and can cause environmental and health problems, new chemicals derived
from this biomass may gradually provide a source o f natural pesticides with less
environmental impact.
The source o f potential biochemical biopesticides for this project is the principal
components common to both agricultural and forestry biomass: lignin, cellulose and
hemicellulose. The process of separating or extracting the pesticidal compounds from the
biomass will use a pyrolysis reactor to produce a liquid referred to as bio-oil. It is a
combustible and renewable oil. Bio-oil is referred to by many names including pyrolysis
liquid, pyrolysis oil and others4.

1.3. Plant biomass components
1.3.1. Lignin
Lignin is a high molecular weight polymer component o f biomass and constitutes about
20-35 wt. % o f the organic matrix o f wood and other vascular plants5. Lignin is a threedimensional, highly branched polymer5,6. Furthermore, the lignin is attached to the
polysaccharides (cellulose and hemicellulose) in plants by lignin-polysaccharide bonds.

3
Its three monomers, p-coumaryl-, coniferyl-, and sinapyl alcohol

are differentially

methoxylated, which vary in relative abundance in the polymer, depending on the plant
species6. The methoxyl functional group is the most characteristic o f the variety of
functional groups present in lignin. After depolymerization, the three corresponding
phenolic products phenol, guaiacol and syringol are obtained. Lignin from hardwood
generally has much higher methoxyl group content than that from softwood, because of
the concurrence o f guaiacyl and syringyl units in the former. In order to thoroughly
investigate the properties o f lignin, it is necessary to isolate it from biomass. Although
many methods are available for its isolation and purification, none provide 100% yield
while retaining structural authenticity. Lignin can be obtained from the pulp and paper
mill. Most o f the pulp and paper mills across the world apply kraft pulping process for
the delignification o f cellulose. Some o f the paper mills apply organosolv pulping process
for the delignification o f cellulose. Chemicals are added in the pulping processes.
Therefore, the structural modifications o f lignin occur during the kraft or organosolv
pulping. There is a minimal structural modifications o f lignin occur when the lignin is
obtained by mechanical pulping process .
There are three monomers that make up almost all lignin found in nature (Figure 1.1).

4

OMe = o c h 3
methoxyl group

_f7-coumaiyl
alcohol

conifeiyl
alcohol

sinapyl
alcohol

Figure 1.1. Monomers o f lignin.

p-Coumaryl alcohol is a minor component o f grass and forage type lignin. Coniferyl
alcohol is the predominant lignin monomer found in softwoods (hence the name). Both
' 'Q

coniferyl and sinapyl alcohols are the building blocks o f hardwood lignin .
Lignin is known to be the most thermally resistant o f the three main components o f the
biomass. The complexity o f lignin polymers and the disadvantages o f extracted lignin
i

have compelled some scientists to use low molecular weight compounds related to the
structural elements o f lignin polymers for studies on the pyrolysis behavior o f lignin.
However, because the lignin structure is so complex and species specific, model
compounds have limited value for research into lignin pyrolysis9.
1.3.2. Cellulose
Cellulose is an unbranched polymer composed o f P- D- glucose molecules. P- D- glucose
is an isomer o f glucose in which the hydroxyl group attached to carbon 1 is above the
plane o f the ring. The glucose monomers are linked by 1, 4 glycosidic bonds. Hydrogen
bonds between adjacent cellulose molecules allow them to form strong fibers, which suit
them to their role as the main structural component o f plant cell walls. In cellulose the
glucose units are linked entirely by beta glycosidic linkage through the 1 ,4 positions.

5
-Cellulose has molecular weights o f 1 to 2 million (6000 to 12000 C6 units). Many simple
sugars can exist in a chain form or a ring form, as illustrated by the hexoses below
(Figure 1.2). The ring form is favored in aqueous solutions, and the mechanism o f ring
formation is similar for most sugars. The glucose ring form is created when the oxygen
on carbon number 5 links with the carbon comprising the carbonyl group (carbon number
1) and transfers its hydrogen to the carbonyl oxygen to create a hydroxyl group.

H^ °

CHQ

2I

H -C -O H

H-

3 I

H O -C -H

HOH"
H-

4 I

H -C -O H

si

H -C -O H

seCH2OH
I
D-Glucose
(an aldose)

-H
OH
-o h '

CHgOH
a-D-Glucose

P-D-Glucose

Cyclation o f Glucose

Figure 1.2. Structure o f D-Glucose.
Crystalline native cellulose is composed o f two different allomorphs, cellulose Ia and
cellulose Ip. Ia and Ip have triclinic and monoclinic crystal shape respectively. Ia and Ip
are predominant in algal cellulose and hard wood cellulose respectively10.
1.3.3. Hemicellulose
A hemicellulose can be any o f several heteropolymers (matrix polysaccharides) present
in almost all plant cell walls along with cellulose. Hemicellulose contains many different
sugar monomers (Figure 1.3). In contrast, cellulose contains only anhydrous glucose. For
instance, besides glucose and sugar monomers, hemicellulose can include xylose,
mannose, galactose, rhamnose, and arabinose. Hemicelluloses contain most o f the Dpentose sugars, and occasionally small amounts o f L-sugars (e.g., L-arabinose) as well.

6
-Xylose is always the sugar monomer present in the largest amount, but mannuronic acid
and galacturonic acid also tend to be present. Hemicelluloses extracted from different
plant sources are rarely identical.
A commercial hemicellulose is difficult to obtain commercially whereas xylan, although
it might have different physical and chemical properties, has been widely used as a
representative component of hemicellulose in pyrolysis processes11.

H-<p=0

H-C=0
COOH

H-C-OH
HO-C-H
H-C-OH
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/

\
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I
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H-C-OH
ch 2-oh

D-arabinose

D-mannose

Xi
■o
11
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D-glucuronic acid

H-C=0
HO-C-H
H-C-OH

H-C-OH
ch 2-

COOH
D-glucose

HO-C-H

H-C-OH
HO-C-H
H-C-OH
ch 2-oh
D-xylose

Figure 1.3. Some monomers o f hemicellulose.

1.4. Pyrolysis of biomass
Thermochemical processes are the most common route for converting the biomass to
energy, and o f these processes, pyrolysis is a promising tool for providing bio-oil that can
be used as an alternative fuel oil or chemical feedstock . The pyrolysis o f biomass is a
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-very old energy technology that is becoming interesting again among various systems for
11
the energetic utilization of biomass .
Pyrolysis is thermal cracking in the absence o f oxygen. Three products are usually
obtained from pyrolysis: gas, liquid and char, the relative proportions of which depend
very much on the pyrolysis method and process conditions14. Depending on the operating
conditions, the pyrolysis process can be divided into two classes: conventional pyrolysis
and fast or flash pyrolysis. Conventional pyrolysis is a known technology for producing
charcoal (mainly) and chemicals such as methanol and acetic acid for hundred years. The
main goal o f fast pyrolysis is to convert the biomass into a liquid. A fast pyrolysis reactor
must have very high heating and heat transfer rates, moderate and carefully controlled
temperature, and rapid cooling or quenching o f the pyrolysis vapors. In practice, about
40-75% o f the biomass (on dry basis) is converted into pyrolytic oil. About 10-20% of
the biomass is converted into char. Fast pyrolysis offers a flexible and attractive way o f
converting biomass into a liquid, which can be easily stored, transported and handled for
the production o f heat, power and chemicals . The complex nature of most biomass
feedstocks is such that a variety o f valuable compounds can be obtained from the same
biomass; unfortunately, each compound may require different pyrolysis conditions. In
addition, the biomass pyrolysis behaviour is influenced by particle size, feed rate and
biomass species .
Three main reactor technologies are currently available for commercialization including
(1) fluidized beds, (2) ablative pyrolyzer, both cyclonic and plate type, and (3) vacuum
pyrolyzer. Out o f the three mentioned, fluidized bed reactors are the most popular
currently. Two types o f fluidized beds have been used for biomass pyrolysis: bubbling
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beds (Figure 1.4) and circulating beds. Bubbling fluid beds, as opposed to circulating
fluid beds have the advantages o f good temperature control, very efficient heat transfer,
short residence times for vapors, and being technologically feasible15. A major issue with
bubbling beds is how to transfer to the bed the heat required for preheating and reaction16.
Heat may be generated directly: inside the fluidized bed by adding air or oxygen to the
fluidization gas.
Cyclone

Figure 1.4. Schematic diagram o f bubbling fluidized bed reactor

In

In circulating fluidized beds (Figure 1.5), hot circulating solids bring the required heat to
the pyrolysis reactor and are then circulated back to a burner where they are reheated by
combustion o f gaseous or solid byproducts. Circulating fluid beds are similar to fluidized
beds except that the char residence time is almost the same as the vapor and gas residence
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time. The hydrodynamics o f circulating fluid beds are complex. Circulating fluid beds can
tolerate larger density differences between the inert particles and The biomass particles.
Its drawbacks are the need for more fluidization gas, the requirement for quick separation
o f the product vapors from the circulating solids. Particles also need to be ground finer,
since they do not have a long residence time at reaction temperature, and this is even
worse for downer processes, where the particle residence time is even shorter16.

Air

Water

.

Filter

Figure 1.5. Schematic diagram o f circulating fluidized bed reactor
Ablative pyrolysis relies on the heat transfer from a hot surface, such as the reactor wall,
to the solid biomass particle. Increasing the pressure o f the reactor increases the heating
rate, by pushing the biomass particle onto the hot surface with a greater force. The heat
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- moves through the biomass particle in a single direction. A residual oil film forms and
provides lubrication for successive biomass particle. The oil film also evaporates forming
pyrolysis vapors. A reactor wall temperature less than 600°C is required, and a high
relative motion between particle and reactor wall is also desirable. The main advantage of
the ablative processes, especially when ablation is intensive, is that they can achieve fast
pyrolysis even with large biomass particles. They reduce the need for energy-intensive
grinding16. Surface area o f the reactor is a key design variable. In comparison with other
reactors large amounts o f tar are produced in ablative reactors15.
Vacuum pyrolysis has the advantage o f short residence time for volatiles, with longer
residence time for the solids. The disadvantages of vacuum pyrolysis are that poor heat
and mass transfer rates occur15.
Mechanically fluidized reactor (MFR) is a different type o f pyrolysis reactor (Figure 1.6).
The bio-oil can be collected from the different temperature cuts from the same batch of
biomass. The reactor heating rate is one o f the main parameters for the quality o f bio-oil
collected at the different temperature cut. The biomass is already in the reactor before the
pyrolysis starts in contrast to the case o f bubbling bed reactor, biomass is always charged
in the reactor with the help o f nitrogen gas.
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Figure 1.6. Schematic diagram o f the MFR

1.5. Separation and identification of bio-oil components
Bio-oil is a multiphase material19. The pyrolysis liquid consists o f two phases: an aqueous
phase containing a wide variety o f organo-oxygen compounds o f low molecular weight
and a non-aqueous phase containing insoluble organics o f high molecular weight. This
phase is called tar. The ratios o f acetic acid, methanol, and acetone o f the aqueous phase
1^
were higher than those o f the non-aqueous phase .

,

The aqueous phase (66-69 wt %), also known as pyroligneous water, contains over 70 wt
% water. The more dense oily (bottom) phase (31-34 wt %) contains only 11.8-13.5 wt %
o f water and more than 86 wt % o f organic compounds19.
The morphology and the chemical composition o f bio-oils are strongly dependent on the
pyrolysis process and the nature o f the feedstock used4,20. Pyrolysis-derived oils have a
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higher moisture content, and lower heating value (17 MJ/kg) than conventional fuel oil
(43 MJ/ kg). Bio-oils are usually dark brown, free-flowing liquids having a distinctive
smoky odor4. Bio-oils are chemically unstable; undergoing various reactions with time
and temperature15. The oxygen content o f bio-oils is usually 35-40 wt %. The viscosity o f
bio-oils can vary over a wide range (35-1000 cP at 40°C) depending on the feedstock and
process conditions. Bio-oils contain substantial amounts o f organic acids, mostly acetic
and formic acids, which results in a pH o f 2-3. The specific gravity o f the bio-oil is 1.24.
The solid content in bio-oils, which is in the range o f 0.1-3 wt %, is somewhat higher
than the corresponding value o f mineral oil, which is typically 0.01 wt % .

The chemical compounds found in bio-oils are derived from the breakdown o f cellulose,
lignin, hemicellulose, and biomass extractives, making these liquids very different from
petroleum-derived fuels.
Bio-oil can be easily separated into two fractions based on water solubility4. By simple
water addition to bio-oil, a viscous mostly oligomeric lignin-derived fraction settles at the
bottom while water soluble, mostly carbohydrate-derived compounds form a top layer4.
Lignin-derived fraction can be dissolved in hexane and dichloromethane .
In gas chromatography-mass spectrometry (GC-MS) analysis, acetone can be applied to
dissolve water- insoluble fraction (high molecular tar). To determine the content o f alkali
metals in the bio-oil, inductively coupled plasma-mass spectrometry (ICP-MS) can be
used13. The chemical analysis o f water-soluble fraction o f oils and water phase can be
performed by GC-MS13. However, the perfect separation o f all the peaks in GC-MS is not
possible due to the complex composition o f the pyrolysis vapours . In that situation,
MFR may be one o f the best reactor selections to obtain a more purified bio-oil fractions
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- which will help eliminate the extra steps (e.g.y liquid-liquid extraction, semipreparative
high pressure liquid chromatography (HPLC) and to identify the active components.

1.6. Objectives for the project
1. Conversion o f principal components o f plant biomass (cellulose, lignin,
hemicellulose) into bio-oil by fast pyrolysis and the MFR, followed by testing o f
the individual and mixture toxicity with insects (Chapter 2);
2. Isolate and identify pesticidal compounds from the active bio-oil fractions
(Chapter 3);
3. Optimize the pyrolysis conditions for producing the pesticidal compounds
(Chapter 4);
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CHAPTER 2
THE TOXICITY OF LIGNIN, CELLULOSE AND
HEMICELLULOSE-PYROLYZED BIO-OIL COMBINATIONS:
ESTIMATING PESTICIDE RESOURCES

2.1. Introduction
The Colorado potato beetle (CPB) (Leptinotarsa decemlineata (Say)) is a serious pest of
potatoes and eggplants1, feeding on the foliage. Insecticides are currently the main
method o f beetle control on commercial farms. However, many chemicals are often
unsuccessful when used against this pest because of the beetle's ability to rapidly develop
insecticide resistance. Since the middle o f the last century, the beetle has developed
resistance to 52 different compounds belonging to all major insecticide classes2 and now
insecticide resistance in the CPB is a truly global phenomenon2,3’4.
The demand for biopesticides is increasing in all parts of the world because o f the
potential health hazards from many o f the synthetic pesticides. Biopesticides are certain
types o f pesticides derived from natural materials for example animals, plants, and
bacteria. Biopesticides are safe to human and wildlife5. The use o f biopesticides can
reduce the use o f synthetic pesticides. Another important advantage is the specificity o f
action on target pests in contrast to broadspectrum conventional pesticides that may affect
other organisms. In addition, in many instances, for example in Bacillus thuringiensis
(Bt), several toxins work together as an insecticide can delay the development of
resistance6.
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-Biopesticides are classified into three main groups: microbial, plant-incorporated
protectants (genetically modified organisms) and biochemical7. Microbial pesticides are
those pesticides in which the active ingredient is a microorganism (e.g., bacterium,
fungus). Plant-incorporated protectants (e.g., Bt insect-resistant crops) are plant
pesticides, that plants produce from genetic material which has been added to the plant.
Biochemical pesticides are a wide range of secondary metabolites (e.g., pyrethrins) that
Q

protect the plants from herbivores . As the CPB has developed resistance to all major
insecticide classes2, control o f CPB by biopesticides would be a good idea.
Agricultural and forestry waste creates a waste disposal problem. It is currently being
investigated as a source o f energy, fuels and value-added chemicals such as fertilizers9.
The pyrolysis o f biomass, as a means o f producing liquid fuels and value-added products,
has been the subject of intensive research over the past few decades10. The insecticidal
activity o f bio-oil was reported from pyrolyzed coffee grounds11. Bio-oil from pyrolyzed
tobacco leaves had been found to exhibit insecticidal activity . In that study it was found
that the nicotine-free bio-oil fraction still retained pesticidal activity. Biomass contains
varying proportions o f lignin, cellulose and hemicellulose13,14 (Table 2.1). Olive husk and
hazelnut shell contain relatively higher amount o f lignin compared to cellulose and
hemicellulose (% dry basis)14.
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-Table 2.1. Composition o f lignin, cellulose, hemicellulose, and other components in
selected biomass.
Hemicellulose
Other
Reference
Cellulose
Biomass
Lignin
14
9
13
Eucalyptus
48
29
52
Sugarcane
11
22
15
4
48.4
24
23.6
> 14
Olive husk
2.5.
Hazelnut
25.9
29.9
... 42.5 >
shell
0.4
.
21.5
50.2
Spruce wood
27.9
28.4
0.5
Beech wood
20.6
50.5

Bio-oils are a mixture that can contain more than 400 different compounds13 as well as
substantial amounts o f oxygen (35-40 wt %). The high oxygen content results in a low
heating value that is less than 50% o f that for petroleum oils. Because o f their chemical
composition, bio-oils provide a wide range o f boiling temperatures. Bio-oils derive
primarily from depolymerization o f three principal biomass components: lignin,
cellulose, and hemicellulose9. If lignin, cellulose and hemicellulose can be pyrolyzed
individually instead o f their parent biomass, it will cut time and cost to identify the
pesticide component(s).
A mixture o f pesticides can produce a synergistic effect, an additive effect or a less than
additive effect15. Some o f the advantages o f the synergistic effect are (a) broader
spectrum o f activity, (b) increased effectiveness on pesticide resistant species, and (c) use
chemicals less harmful to the environment16. Although definitions differ, synergism is
generally recognized as a greater than additive effect .
The objective o f this study was to test the individual and combination toxicity o f lignin,
cellulose and hemicellulose biomass bio-oils as well as toxicities of lignin bio-oil
fractions o f condenser aqueous phase, condenser organic phase and electrostatic
precipitator (ESP) to the CPB at the LC50 level.
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2.2. Materials and Methods
2.2.1. Insects and Plants
CPB first instar larvae were reared at the Southern Crop Protection and Food Research
Centre, Agriculture and Agri-Food Canada, London, Ontario, Canada. The insects were
reared on potato plants (Solatium tuberosum var. Kennebec) at 25° C, 50% RH, and 16:8
h light: dark photoperiod. CPB were reared for over 125 generations without exposure to
insecticides. Potato plants for the insect rearing and for the insect bioassay were grown in
a climate controlled greenhouse. ::
2.2.2. Chemicals
HPLC grade (99.7%) acetone was obtained from Caledon Laboratories Ltd., Ontario,
Canada. Reverse osmosis water was obtained from Agriculture and Agri-Food Canada,
London, Ontario, Canada. Kraft lignin provided by ICFAR collaborator (a private
company) is a dark brown powder. Purified organo so lv lignin provided by ICFAR
collaborator (a private company) is a dark brown powder with a particle size less than
200 pm. a-Cellulose provided by Sigma-Aldrich, USA is an off-white powder with
particle size less than 500 pm. Xylan provided by Sigma-Aldrich, USA was obtained
from birch wood. It is composed o f 90% xylose residue with a particle size less than 850
pm.
2.2.3. Operating Conditions of Pyrolyzer
The pyrolysis reactor used for the biomass conversion was located at the Institute for
Chemicals and Fuels from Alternative Resources (ICFAR), UWO, London, Ontario. The
reactor is a fluidized bed pyrolysis pilot plant (Figure 2.1). The heart of the plant is a
bubbling fluid bed reactor, 7.8 cm in diameter, with a 52 cm long cylindrical section, and

20
equipped with an expanded section made up o f a 6.6 cm long truncated cone with an
upper diameter o f 16.8 cm, topped by a second, 12.4 cm long, cylindrical section. The
reactor body is fitted with 12 electric band heaters, covering all sections o f the reactor
body and its extension. The heaters are independently controlled by digital controllers,
</
which can be used to set the axial temperature profile along the reactor. Nitrogen and
silica sand (with a Sauter mean diameter o f 180 pm) were used as the fluidizing gas and
the bed material respectively. Biomass was injected into the reactor by an intermittent
pulse feeding system that provided consistent mass flow rates and good fluid bed
penetration with no plugging or coking in the feeding tube. The biomass feed rate was 1
kg/h and the vapor residence time was 2.3 s. The pyrolysis was performed at 450 and
550°c.

■.

Exit

Figure 2.1. Process Flow Diagram o f ICFAR Fluid Bed Pilot Plant.
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2.2.4. Bio-oil, char and gas production
v

The bio-oil condensing system consisted o f a cyclonic condenser, which is immersed in
chilled water, and an ESP that charged droplets escaping from the condenser and
collected them in an electric field. The condenser and ESP were weighed before and after
each run to obtain an accurate liquid yield.
The pressure difference between the sand bed and the head space was measured at
minimum fluidized conditions before and after each experiment. The amount of char
produced during the run was obtained from the change in this pressure difference.
Three gas bags (each having a 5 L volume) were filled with product gases at three
different time intervals during each pyrolysis run. The yield and composition of the
product gases were measured using a Micro-gas chromatography (Micro-GC) (Varian,
CP-4900) composed o f three channels each with a column designed for analysis of
specific gases and a thermal conductivity detector. Channel 1 consisted o f a M5 A 10-m
column to analyze hydrogen, O2, CO, and CH4; channel 2 consisted o f a PPU 10-m
column to analyze CO2, C2H4, and C2H6 and channel 3 consisted o f a 5CB 8-m column to
analyze C3 and C4 hydrocarbons. ■However, only H2, N2, CO, CO2, CH4, and C2
hydrocarbons were observed as product gases in our experiments. Helium was used as the
carrier gas. Oven, sampling line and injection port temperatures were constant at 50°C.
Gas samples were admitted to the micro GC via a sampling valve for 40 ms. Each run
required 3 min to detect the gases.

.

'

j

f

2.2.5. Bio-oil sample preparation for insect bioassays
Bio-oil was prepared by pyrolysis o f individual lignin, cellulose and hemicellulose and o f
their mixture (each biomass was one third o f the total weight). Bio-oil was collected from
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the condenser and ESP. Oil from the condenser was separated into aqueous and organic
phases and dried by nitrogen gas. The condenser aqueous and organic phases were
dissolved in distilled water and acetone, respectively, to prepare solutions at different
concentrations. The ESP liquid phase was dried with nitrogen gas and dissolved in
acetone to prepare solutions at different concentrations. All fractions of the bio-oil
(condenser aqueous phase, condenser organic phase and ESP liquid phase) from the same
biomass were combined proportionally on the basis o f their respective yields. Solvents
(water and acetone) were added, proportionally to the bio-oil mixture on the dry-weight
basis o f condenser aqueous phase, condenser organic phase, and ESP liquid phase. Again
bio-oils from different biomasses were mixed according to their yield.

2.2.6. CPB first instar larvae bioassay
Potato leaf discs were cut to a diameter o f 4 cm from fresh potato leaves (Solarium
tuberosum var. Kennebec). The discs were treated with control (water, acetone, water +
acetone) or bio-oil (pyrolyzed at 550°C) on both sides (total volume o f control or bio-oil
was 150 pL) and allowed to dry for 1 h. Leaf discs were placed in 5 cm diameter Gelman
Petri dishes on top o f Whatman filter paper. Five CPB first instar larvae were placed on
each treated disc with 15 larvae per trial and trials were replicated a total of three times,
using at least five concentrations o f bio-oils. All insect bioassays were held in an
environmental chamber at 25°C, 50% RH, and 16:8 h light: dark photoperiod. Mortality
o f larvae was recorded after 48 h. LC50 values in mg/ml with 95% confidence intervals
were determined by probit analysis (SAS version 9.2). Significant differences between
LC50 values were determined when 95% Cl did not overlap.
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Mixture toxicity was determined using the equation :

:

S = (Am/A) + (Bm/B)(l)
where, S = sum o f biological activity or TTU (total toxicant unit); Am = LC50 for
compound. A in mixture; A = LC50 for compound A individually; Bm = LC50 for
compound B in mixture; B = LC50 for compound B individually.
S values were then used to calculate an Additive Index (AI). If S < 1.0 then the AI =
(1/S)-1.0. If S > 1.0 then the AI = S (-1) +1.0. An AI less than zero indicates antagonistic
toxicity whereas an AI greater than zero indicates synergistic toxicity. An index o f about
0

indicates that the mixture has additive toxicity.

For example, when there are two components the following steps Will be used to
determine the LC50:

:

•

There are two components A and B

•

When we pyrolyze A, we get hia grams o f liquid per g o f A

•

When we pyrolyze B, we get me grams o f liquid per g o f B

•

We make a mixture M o f A and B in proportions:

xa =

mA/(niA+niB) and

xb =

mB/(mB+mA)

•

We get the LC50 for all three liquids: LC50-A, LC50.B and LC50-M

•

In equation ( 1 ), A = LC50-A5B = LC50-B, Am= xa LC50-M, Bm= Xb LC50.M

2.3. Results
Preliminary experiments (chapter 3) showed that bio-oil produced at .550°C was more
active against the CPB than bio-oil produced at 450°C. The rest o f our insect bioassay
was, therefore, done with bio-oil produced at 550°C.
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The bio-oil yields for cellulose were 3.7 and 2.4-times (by wt.) more than that for lignin
and hemicellulose respectively (Table 2.2). When all three biomasses were combined in
equal parts the bio-oil yield was 1.2-times less than the average yield for all three, but
greater than that for lignin and hemicellulose individually.
Table 2.2. The bio-oil yield (%) from different biomasses
Biomass
Lignin

Bio-oil Yield (%)
19.8 . ■

Cellulose

73.6

Hemicellulose

31.2

Mixture o f bio-oilsa (L:C:H= 1:1:1)

42 (average yield)(Theoretical)
1

Mixture ofbiomassesb(L:C:H= 1:1:1)

35 (actual yield)

:

Mixture o f bio-oilsa: The average yield o f lignin, cellulose and hemicellulose biomass
bio-oils ((19.8+73.6+31.2)/3)
Mixture o f biomasses'5: The bio-oil produced from combination o f biomass components
,
'
\
(lignin, cellulose and hemicellulose) in equal parts
Lignin was almost 13 and 3-fold more toxic than cellulose and hemicellulose bio-oils
respectively at the LC50 level (Table 2.3) (Figure 2.2). The AI for the mixture o f bio-oils
from lignin, cellulose and hemicellulose was -0.4, indicating an antagonistic effect. The
bio-oil produced from the 1:1:1 mixture o f lignin, cellulose and hemicellulose was one
and a half times more toxic to the CPB larvae than the mixture o f the individual lignin,
cellulose and hemicellulose bio-oils, mixed in proportion to their relative liquid yields.
No control (water, acetone, water + acetone) mortality was observed during these trials.
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The LC50 values o f lignin, cellulose and hemicellulose bio-oils are 7.64, 96.88, and 21.72
mg/mL. Based on the biomass bio-oil yield 72.83, 161.59 and 255 mg lignin, cellulose
and hemicellulose biomasses produce 7.64, 96.88, and 21.72 mg bio-oil respectively.

Table 2.3. 48 h LC50 values, 95% confidence limits (CL) and slopes for lignin, cellulose
and hemicellulose bio-oil and bio-oil combinations with first instar Colorado potato
beetle.
Biomass Bio-oil

48 h LC50
mg/mL

95% CL
mg/mL

Lignin in mixture (Lm)

6.15

5.79-6.47

Lignin (L)

7.64

7.18-8.07

35.14

33.08-36.93

Cellulose (C)

96.88

90.30-103.42

Hemicellulose in mixture
(Hm)

4.99

4.70-5.24

Hemicellulose (H)

21.72

21.17-22.23

17.47

Mixture of bio-oilsa
(Lm+Cm+Hm)
,
Mixture o f biomassesb
(L:C:H= 1:1:1)

46.30

43.59-48.66

8.70

29.20

25.72-32.87

3.61

. Cellulose in mixture
(Cm)

slope

f

Additive
Index
(AI)
-0.4

7.28

6.58

\

Mixture o f bio-oilsa : The bio-oils produced from individual biomass components (lignin,
, cellulose and hemicellulose) were then combined on the basis of their yield.
Mixture o f biomasses’3: The bio-oil produced from combination of biomass components
; (lignin, cellulose and hemicellulose):in equal parts.
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Figure 2.2. The log dose - mortality curves indicating the LC50S of lignin, cellulose, and
hemicellulose singly and the mixture (+ 95 % confidence interval)
The toxicity o f hemicellulose bio-oil was approximately 4 times greater than that of the
cellulose bio-oil (Table 2.4). The A1 for the mixture was 0.22 indicating a synergistic
interaction. Comparison o f the individual and mixture toxicity of cellulose and
hemicellulose bio-oils indicated that both in combination were more toxic than alone. No
control mortality was observed during these trials.
Table 2.4. 48 h LC 50 values, 95% confidence limits (CL) and slopes for cellulose and
slope

Additive
Index
(AI)

90.30-103.42
6.46-7.3

6.58

0 .2 2

21.17-22.23
51.92-58.72

17.47
8.32

Biomass Bio-oil

48h LC5o
mg/mL

95% CL
mg/mL

Cellulose in mixture
(Cm)

48.76

45.47-51.43

Cellulose (C)
Hemicellulose in
mixture (Hm)

96.88
6.92

Hemicellulose (H)
Bio-oil mixture
(Cm+Hm)

21.72
55.67
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Further toxicity evaluation focused on the lignin bio-oil as it was the most insecticidal.
The yield o f bio-oil fractions o f lignin biomass at 550°C indicated that the ESP was the
lowest (5.8%) and condenser liquid phase was the highest yield (7.5%). The condenser
organic phase bio-oil yield was 6.5%.
The toxicity o f ESP bio-oil fraction was approximately 9 and 3-times greater than that of
the condenser liquid and condenser solid phase respectively (Table 2.5). The AI for the
mixture o f the condenser liquid phase, condenser solid phase and ESP oil was 0.02
indicating an additive effect. No control mortality was observed during these trials.

Table 2.5. 48 h LC50 values, 95% confidence limits (CL) and slopes for lignin bio-oil
collections and combinations with first instar Colorado potato beetle
Lignin Bio-oil
Fractions

48h LC50
mg/mL

Condenser
aqueous phase in
mixture (CAm)

0.25

0.24-0.27

Condenser
aqueous phase
(CA)
Condenser organic
phase in mixture
(COm)

48.21

45.65-50.84

3.83

3.60-4.05

Condenser organic
phase (CO)
ESP in mixture
:
(Em)

13.83

13.38-14.24

3.54

3.33-3.74

ESP (E)
Mixture of oils
(CAm+COm+Em)

5.08
7.64

4.69-5.42 ■ • . . ;
7.18

95% CL
mg/mL .

slope

Additive
Index
(AI)

8.06
\ ,.
0.02

14.63

6.63
7.28
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The total yield o f bio-oil and the ESP fraction were 2 and 3-times higher for kraft lignin
(Table 2 .6) compared to those produced from organosolv lignin pyrolyzed at the same
temperature. The LC50 (mg/mL) for kraft lignin ESP bio-oil was 23.76 mg/mL (19.9127.83 mg/mL at 95% CL). Therefore, the organosolv lignin ESP fraction is
approximately 5-times more toxic compared to that produced from kraft lignin.

Table 2.6. The bio-oil yield (%) from kraft lignin at 550°C
Bio-oil/Bio-oil fraction

Bio-oil Yield (%)

B io-oil (Condenser aqueous phase+
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Condenser organic phase + ESP)
ESP

. 21

2.4. Discussion
A fixed-ratio design was applied in order to investigate the synergistic effect produced by
the combination o f different bio-oils. It was based on the bio-oil yield o f each biomass, so
that the constituents could be administered in amounts that kept the proportions o f each
constant.
When the lignin, cellulose, and hemicellulose bio-oils were combined at concentrations
based on their expected yields, the estimated median lethal toxicity values or LC50S for
two o f the components in the mixture, cellulose and hemicellulose, were 3 to 4-fold less
than their individual LC50S. However, the estimated lignin LC50 in the mixture was not
much less than for the individual bio-oil (6.2 vs. 7.6 mg/mL), and the mixture o f the three
components was not as toxic as the individual components, lignin and hemicellulose.
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Therefore, the mixture of the three bio-oils was neither additive nor synergistic, but rather
antagonistic, as was determined using the Marking18 formula.
In contrast, the mixture o f cellulose and hemicellulose bio-oils was more toxic (LC50 =
55.67 mg/mL) than cellulose singly (LC50 level = 96.88 mg/mL) and less toxic than for
hemicellulose singly (LC50 level = 21.72 mg/mL), but the estimated LC50 values for
cellulose and hemicellulose in the mixture were 2 (LC50 level = 48.76 mg/mL) and 3
(LC50 level = 6.92 mg/mL) fold less than their individual LC50S. Therefore, cellulose and
hemicellulose produced synergistic toxicity. The combination o f lignin, cellulose, and
hemicellulose was only slightly ( 1 .2-times) more toxic than the cellulose and
hemicellulose mixture at the LC50 level, indicating that although the lignin was the more
toxic component singly, it did not contribute to increased activity o f the mixture based on
its proportion or yield. The results support the idea that synergism is a function of the
proportions o f components in the mixture, where one proportion m aybe synergistic while
another is simply additive, or even antagonistic15.

:

The CPB bioassay demonstrated that when the three biomass components were mixed
V

together and pyrolyzed the resulting bio-oil was more active (LC50 29.20 mg/mL) than
when the individual bio-oils (LC50 46.30 mg/mL) were combined at proportions based on
their typical yield. The mixture o f biomasses produced more toxic components compared
to that of mixture o f bio-oils.
Lignin bio-oil collected in the ESP was more toxic than the other two bio-oil fractions
(aqueous and organic phases o f th e , condenser) and when combined the mixture had
additive toxicity.
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Other studies have pyrolyzed various types o f biomass to obtain pesticidal bio-oils.
Coffee grounds were pyrolyzed to investigate the pesticidal activity o f coffee ground bio
oil to the CPB and two bacteria (Streptomyces scabies and Clavibacter michiganensis
subsp. michiganensis) at five different temperatures from 400 to 600°Cn . The highest
bio-oil yield was 43.8% at 500°C. Although the bio-oil yield was less at 550 compared to
that o f 450°C, the CPB mortality for 48 h was higher at 550°C and mortality decreased at
600°C. Pyrolysis o f tobacco leaves was conducted at six different temperatures from 350600°C. The highest bio-oil yield was 43.4 % at 500°C, with a higher yield at 450 than at
550°C for all vapor residence times19. The mixture o f the two bio-oil phases produced
100% CPB mortality for 48 h period at all pyrolysis temperatures from 350 to 600°C. No
description o f the lignin, cellulose, ;and hemicellulose content in the tobacco feedstock
was made.
There are two problems in connecting the studies in this paper with the above studies
conducted with bio-oil pesticides from various types o f biomass.

First, the complex

synergistic effects between lignin, cellulose and hemicellulose prevent the prediction o f
the activity o f a bio-oil from the composition o f the biomass from which it has been
pyrolyzed. Second, lignin, which this study has found is converted into the most active
pesticide, has a complex polymer structure that varies significantly from one biomass to
another. Any generalization will, therefore, likely be based on the concentration o f active
components in the various bio-oils.
Pyrolytic bio-oils typically contain mainly furans, phenols, carboxylic acids, alcohols,
aldehydes, ketones, and sugars10. Phenols, alcohols, aldehydes, and formic acids were
identified in bio-oils from the pyrolysis o f wood lignin , Pyrolysis o f hemicellulose
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releases a mixture o f acids, aldehydes, alkanes, and ethers at low temperatures (200400°C). Organic compounds (C=0, C -O -C , etc.) are mainly released out at low
f\

1

temperatures, i.e., 300-450°C from cellulose .
Phenol and its derivatives have a high potential toxicity for animal and plant species .
However, previous studies have shown that the concentration o f phenol and its
derivatives in pyrolytic bio-oils is not sufficient to account for the observed pesticide
activity11,12.
Although 40 to 50 million tons o f lignin is produced yearly worldwide , its composition
depends not only on the original biomass but also on the process used to extract and
refine the lignin. We found in our study that although ESP bio-oil fraction produced from
organosolv lignin was approximately five times more effective than that produced from
Kraft lignin, this form o f lignin, as well as lignin from other sources ,could generate a
high value pesticide product.

2.5. Conclusions
Pyrolytic bio-oil contains a complex mixture o f chemicals that have insecticidal activity.
The different components o f most biomass materials, cellulose, hemicellulose and lignin
combine synergistically to produce piotent bio-oil insecticides.

This information may

eventually be applied to control insect pests in agriculture where the development of
resistance occurs quickly to single active ingredients, but more slowly when
combinations o f chemicals are applied.

"

'

The lignin fraction o f the biomass gives bio-oil with the strongest pesticide activity,
especially if only the bio-oil collected in the electrostatic demister is used. Although the
cellulose and hemicellulose components o f the biomass enhance the pesticide activity o f
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the lignin fraction when pyrolyzed w ith it, they do not greatly increase the pesticide
activity and have other, valuable applications. The LC50S of lignin, cellulose and
hemicellulose biomass bio-oils were 7.64, 96.88, and 21.72 mg/mL respectively. It
1

/

would, therefore be attractive to only use the lignin fraction o f a plant biomass, pyrolyze
it and use only the bio-oil collected in the demister. Further tests are required to identify
the active bio-oil components.
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CHAPTER 3
THE ISOLATION AND IDENTIFICATION OF INSECTICIDAL
COMPOUNDS IN BIO-OIL FROM FAST PYROLYSIS OF LIGNIN,
CELLULOSE, AND HEMICELLULOSE
3.1. Introduction
Over the past few decades, crop protection has relied on broad spectrum synthetic
pesticides, but their availability is now declining because o f new regulations and the
evolution o f resistance in pest populations. Therefore, alternative pest management
strategies are needed. These must be safe for people and wildlife, their specificity very
narrow. Natural products have had increasing impacts in pest management1, for example
the demand for biopesticides has increased due to pressure from the regulatory body to
reduce the application o f synthetic pesticides in field crops .
Biopesticides are natural materials that are used to control crop-pests. Biopesticides fall
into three categories: microbial, plant-incorporated protectants (genetically modified
organisms) and biochemical3. Microbial pesticides are the microorganism (such as a
bacterium, fungus, virus or protozoan) as the active material. Plant-incorporated
protectants (e.g., Bacillus thuringiensis (Bt), insect-resistant crops) are pesticides that
plants produce from their genetic material which has been added to the plant.
Biochemical pesticides are a wide range o f secondary metabolites (e.g., pyrethrins) that
protect the plants from herbivores by toxic or non-toxic modes o f action4. A potential
source o f natural products may be obtained through the process o f biomass conversion.
Agricultural and .forestry wastes represent a disposal problem and are being investigated
as sources o f energy, fuels and value-added chemicals5.
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Thermochemical processes are a flexible route for the conversion o f biomass to fuels,
and, o f these processes, pyrolysis is a promising tool for providing bio-oil that can be
used as a fuel oil or chemical feedstock6. Bio-oils are derived primarily from
depolymerization o f three main biomass building blocks: lignin, cellulose, and
c

H

hemicellulose and can contain more than 400 different compounds .
The insecticidal activity o f bio-oil from pyrolyzed plant materials shows promise ’ . In
both studies an insect pest, the Colorado potato beetle (CPB) Leptinotarsa decemlineata
(Say), was used to assess the toxicity o f coffee grounds and tobacco leaf bio-oil
respectively. CPB is a serious pest o f potatoes and insecticides are currently the main
method o f beetle control on commercial farms. However, many chemicals are often
unsuccessful when used against this pest because of the beetle's ability to rapidly develop
insecticide resistance. Insecticide resistance in the Colorado potato beetle is a truly global
phenomenon10,11,12. Since the middle of the last century, the beetle has developed
resistance to 52 different compounds belonging to all major insecticide classes10.
Cabbage looper (CL), Trichoplusia ni (Hubner) is one o f the key pests of cruciferous
plants (Brassica spp.) in North America13. It is a highly migratory and destructive pest of
various crops in North America. Bioinsecticides based on Bt toxins are usually applied in
southwestern British Columbia where some cabbage looper populations have developed
strong resistance to ^-insecticides14. Therefore, the development o f new methods is
required to protect crops in integrated pest management systems.
The pea aphid, (PA), Acyrthosiphon pisum (Harris), attacks a wide range o f legumes
including many important forage and vegetable crops. Pea aphid is a potential migratory
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pest because o f its wide host range and parthenogenic reproduction15. Pea aphid is not
susceptible to B t16.
The objective o f this study is to pyrolyse lignin, cellulose and hemicellulose individually
in place o f whole biomass, in order to separate and identify potential pesticide
/
component(s). Previously the toxic effect o f lignin, cellulose and hemicellulose bio-oil at
the pyrolysis temperature o f 550°C using the CPB was examined (chapter 2). It was
identified that lignin was the most toxic compared to cellulose and hemicellulose bio-oils.
In the present chapter three model insects will be used to identify the active component(s)
in lignin, cellulose and hemicellulose bio-oil at two different pyrolysis temperatures (450
and 550°C) through bioassay-guided separation and fractionation.

3.2. Materials and Methods

3.2.1. Insects and Plants
CPB first instar larvae, CL second instar larvae and apterous adult PA were reared at the
Southern Crop Protection and Food Research Centre, Agriculture and Agri-Food Canada,
London, Ontario, Canada. The CPBs were reared on potato plants (Solarium tuberosum
var. Kennebec) at 25°C, 50% RH, and 16:8 h light: dark photoperiod. CPB were reared
for over 125 generations. The PAs were, reared on bean plants (Vicia faba var. Faba) at
25°C, 50% RH, and 16:8 h light: dark photoperiod. The CLs were reared on cabbage
plants (Brassica oleracea var. Golden acre) at 25°C, 50% RH, and 16:8 h light: dark
photoperiod. All o f the insect species are susceptible to pesticides. All o f the plant species
for the insect rearing and for the insect bioassay were grown in a climate controlled
greenhouse.
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3.2.2. Chemicals ’

■

■ .

High pressure liquid chromatography (HPLC) grade acetone (99.7%), dichloromethane
(99.7%), and acetonitrile (99.7%), were obtained from Caledon Laboratories Ltd.,
Ontario, Canada. Milli-Q water and reverse osmosis water were obtained from
Agriculture and Agri-Food Canada, London, Ontario, Canada. MOX (MethoxyamineHC1) and MSTFA (N-methy-N-trimethylsilyltrifluoroacetamide) were supplied by Pierce,
USA. Purified organosolv lignin provided by ICFAR collaborator (a private company) is
a dark brown powder with a particle size less than 200 pm. a-Cellulose provided by
Sigma-Aldrich, USA is an off-white powder with particle size less than 500 pm. Xylan
provided by Sigma-Aldrich, USA was obtained from birch wood. It is composed o f 90%
xylose residue with a particle size less than 850 pm.
3.2.3. Operating Conditions of the Reactor
The pyrolysis reactor used for the biomass conversion was located at Institute for
Chemicals and Fuels from Alternative Resources (ICFAR), UWO, London, Ontario (see
figure 2.1 in chapter 2). The reactor is a fluidized bed pyrolysis pilot plant. The heart o f
the plant is a bubbling fluid bed reactor, 7.8 cm in diameter, with a 52 cm long cylindrical
section, and equipped with an expanded section made up o f a 6.6 cm long truncated cone
with an upper diameter o f 16.8 cm, topped by a second, 12.4 cm long, cylindrical section.
The reactor body is fitted with 12 electric band heaters, covering all sections of the
reactor body and its extension. The heaters are independently controlled by digital
controllers, which can be used to set the axial temperature profile along the reactor.
Nitrogen and silica sand (with a Sauter mean diameter o f 180 pm) were used as the
fluidizing gas and the bed material, respectively. Biomass was injected into the reactor by
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an intermittent pulse feeding system that provided a consistent flowrate and a good fluid
bed penetration with no plugging or coking in the feeding tube. The biomass feed rate
was 1 kg/h and the nominal vapor residence time was 2.3 s. The pyrolysis was done at
450 and 550°C.
3.2.4. Bio-oil, char and gas production
The bio-oil condensing system consisted o f a cyclonic condenser, which is immersed in
chilled water, and an electrostatic precipitator (ESP) where charged droplets escaping
from the condenser are collected them in an electric field. The condenser and ESP were
weighed before and after each run to obtain an accurate liquid yield.
The pressure difference between the sand bed and the head space was measured at
minimum fluidized conditions before and after each experiment. The amount o f char
produced during the run was obtained from the change in this pressure difference.
Three gas bags (each having a 5 L volume) were filled with product gases at three
different time intervals during each pyrolysis run. The yield and composition of the
product gases were measured using a micro-gas chromatography (Micro-GC)( (Varian,
CP-4900) composed o f three channels each with a column designed for analysis o f
specific gases and a thermal conductivity detector. Channel 1 consisted o f a M5A 10-m
column to analyze hydrogen, O2, CO, and CH4; channel 2 consisted o f a PPU 10-m
column to analyze CO2, C2H4, and C2H6 and channel 3 consisted of a 5CB 8-m column to
analyze C3 and C4 hydrocarbons. However, only H2, N2, CO, CO2, CH4, and C2
hydrocarbons were observed as product gases in our experiments. Helium was used as the
carrier gas. Oven, sampling line and injection port temperatures were constant at 50°C.
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Gas samples were admitted to the Micro-GC via a sampling valve for 40 ms. Each run
required 3 minutes to detect the gases.
3.2.5. Bio-oil sample preparation for insect bioassays
Two batches o f lignin, cellulose, and hemicellulose were individually pyrolyzed to
produce bio-oil. First and second batches were pyrolyzed in 2009 and 2010 respectively.
Pyrolytic bio-oil was collected from the condenser and ESP. Oil from the condenser was
separated into aqueous and organic phases and dried with nitrogen gas. The condenser
aqueous and organic phases were dissolved in distilled water and acetone respectively to
prepare solutions at 3 and 30 mg/mL. The ESP organic phase was dried by nitrogen gas
and dissolved in acetone to prepare solutions at 3 and 30 mg/mL. The 2009 and 2010 bio
oils were tested with CPB. The 2009 bio-oils were tested with CL and PA.
3.2.6. Insect bioassays
3.2.6.I. CPB first instar larvae bioassay
Potato leaf discs were cut to a diameter o f 4 cm from fresh.potato leaves. All discs were
treated on both sides with a total volume o f 150 pL o f liquid bio-oil or bio-oil fractions
and left to dry for 1 h. The control discs were treated with water or acetone. Leaf discs
were placed in 5 cm diameter Gelman Petri dishes on top o f Whatman filter paper. Five
CPB first instar larvae were placed on each treated disc with 15 larvae per trial and trials
were replicated a total o f three times. All insect bioassays were held in an environmental
chamber at 25°C, 50% RH, and 16:8 h light: dark photoperiod. Mortality of larvae was
recorded after 48 h.
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3.2.6.2. CL second instar larvae bioassay
The procedure for CPB leaf disc bioassay and CL leaf disc bioassay are similar. The only
difference was the use o f cabbage leaves and the quantity o f bio-oil applied. In this case
cabbage leaf (top+bottom) was treated with the total volume o f 100 pL control/ bio-oil.
3.2.6.3. Adult apterous PA bioassay
Bean leaves cut from fresh plants were placed in a water-filled floral pic to maintain leaf
freshness for pea aphid feeding. Each leaf was treated on both sides (total volume o f
control or bio-oil was 200 pL) with water, acetone or bio-oil and allowed to dry for 30
min. Each leaf was held inside a Styrofoam cup with a plastic Petri dish lid. Ten adults
apterous PA were placed on each leaf with 30 aphids per trial in duplicate. The survival
o f adults and the number o f aphid nymphs produced in each cup was assessed after 3
days.
3.2.7. Separation and analyses of lignin bio-oil
3.2.7.I. Liquid-liquid extraction of lignin 550°C ESP 30 mg/mL bio-oil by water and
dichloromethane (DCM)
597 mg of dried ESP bio-oil, obtained from lignin pyrolysis at 550°C, was dissolved in
reverse osmosis (RO) water and DCM (80 mL o f each) in a separatory funnel. The
mixture was vigorously shaken and allowed to separate.The DCM fraction was drained
into a beaker. Another fresh 80 mL o f DCM was added to the water fraction and the
separation repeated. Both DCM fractions were mixed up and fresh 80 mL reverse
osmosis water was added, mixed and separated. Both water fractions were combined. The
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-water and DCM fractions were individually dried using a rotary evaporator (BUCHI) and
re-dissolved in water and acetone (19.9 mL o f each) respectively to achieve a
concentration o f individual bio-oil components equivalent to that in a 30 mg/mL solution
o f the original bio-oil. Both bio-oil fractions were tested with the CPB.
3.2.7.2. Fractionation of lignin 550°C ESP-DCM bio-oil fraction (30 mg/mL) by
semi-preparative HPLC
The ESP-DCM bio-oil fraction was split into 17 fractions o f 2 min each using semi
preparative reverse phase HPLC (Agilent 1200 series). The run conditions were: flow
rate, 2.9 mL/min;

injection volume,

100 pL; column,. 7.8x300 mm, Waters

SymmetryPrep Cl 8, 7 pm; column temperature, ambient; initial mobile phase, Milli-Q
water 90%, acetonitrile 10%. The percentage of acetonitrile in the mobile phase varied
linearly as follows: 10-25% over 2 min, 25-75% over 18 min, 75-100% over 5 min (held
5 min), 100-10% over 1 min (held 9 min). Each fraction as well as combinations of
fractions 2-5, 6-9, 10-13, 14-17 were dried by using a rotary evaporator and re-dissolved
in acetone to prepare 5, 10, 20, 30, 60, and 90 mg/mL solutions for insect bioassay.
Fraction 1 contained the mobile phase (water and acetonitrile) liquid only because of the
dead volume from injection port to the end of the column. Therefore, fraction 1 was not
combined with the fractions for the bioassay test.
3.2.7.3. Gas Chromatography-Mass Spectrometry (GC-MS) analysis of active
fractions
Based on the CPB bioassay results, the most active combination o f the lignin ESP HPLC
fractions were analyzed by GC-MS. A 200 pL, combined 30 mg/mL HPLC 14 to 17
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fraction was dried by nitrogen gas. Then 100 pL o f MOX was added to the dried bio-oil
and heated at 50°C for 90 min. Next, 100 pL o f MSTFA was added to that warm bio-oil
solution and heated at 50°C for 30 m. MOX and MSTFA were added to the 30 mg/mL o f
combined fraction o f 14-17 in order to derivatize the bio-oil components. The same
procedure was followed for another vial o f MOX and MSTFA without the bio-oil in
order to differentiate the bio-oil components from the MOX and MSTFA peaks in the
GC-MS chromatogram. An Agilent GC-MS (GC 7890A, MS 5975C) was used with an
HP-5MS column (Agilent Technologies, 30 m x 0.25 mm, film thickness 0.25 pm). A
bio-oil sample o f 1 pL was injected. The injector temperature was 270°C and inlet
pressure was 8.8085 psi giving an initial flow rate of 1 mL/min. The oven temperature
was initially held for 5 min at 70°C, and then increased at 5°C/min to 300°C and held for
5 min. The mass to charge range was 40-550. The source temperature was 230°C and the
quadruple temperature was 150°C.

3.3. Results
3.3.1. Bio-oil yields (2010 bio-oils)
The bio-oil yield at 550°C was higher than that at 450°C for lignin and cellulose, but the
hemicellulose bio-oil yield was approximately 1.5-times higher at 450 than at 550°C
(Table 3.1).
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-Table 3.1. The bio-oil yield (%) from different biomasses at the pyrolysis temperatures
o f 450 and 550°C
\

Bio-oil Yield (%)

Biomass
450°C

550°C

Lignin

17

20

Cellulose

66

74

Hemicellulose

46

31

I-

3.3.2. Insect Bioassays
3.3.2.I. CPB bioassays
The following CPB experimental data were produced using 2010 bio-oils.
The most active bio-oil was the ESP fraction from pyrolysis at 550°C (Table 3.2). Both
the 30 mg/mL lignin ESP and condenser organic phase caused 100% mortality. The
450°C lignin ESP bio-oil and the hemicellulose ESP bio-oil at both temperatures also
were 100% effective at 30 mg/mL, but did not cause any mortality at 3 mg/mL. The ESP
fraction from lignin pyrolysis at 550°C produced 20% mortality at 3 mg/mL. The 450°C
lignin ESP bio-oil and the hemicellulose ESP bio-oil at 450 and 550°C did not cause any
mortality at 3 mg/mL. The 3 and 30 mg/mL o f all cellulose bio-oil fractions pyrolyzed at
450 and 550°C did not cause any CPB mortality. No control mortality was observed
during these trials.
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-Table 3.2. Mortality (%) o f CPB at 3 and 30 mg/mL hemicellulose and lignin bio-oil
fractions pyrolyzed at 450 and 550°C
Bio-oil fractions

Condenser-aqueous

Condenser-organic

ESP

phase.........

phase
Bio-oil concentration

3

30

3

30

3

30

(mg/mL)

mg/mL

mg/mL

mg/mL

mg/mL

mg/mL

mg/mL

450°C

0

0

0

13

0

550°C

0

0

0

67

0

100

450°C

0

0

o

27

0

100

550°C

0

0

0

100

20

100

Hemicellulose

Lignin

’

:

100 >

3.3.2.2. CL bioassay with 450 and 550°C bio-oil
Lignin, cellulose, and hemicellulose bio-oils were not active to the CL second instar
larvae at the concentrations o f 3 and 30 mg/mL.

3.3.2.3. PA bioassay with 450 and 550°C of lignin bio-oil
The pea aphid bio assay was completed with lignin bio-oil only at 3 mg/mL since the 30
mg/mL bio-oil was phytotoxic to the bean plants. The adult aphid mortality was low and
no different between the controls and the 3 mg/mL lignin bio-oil fractions. However,
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there were fewer nymphs on bean leaves treated with the bio-oil fractions relative to
control leaves. There was no difference in nymph numbers between the three bio-oil
fractions produced at the two pyrolysis temperatures.
The condenser aqueous bio-oil produced at 450°C (F = 3.42, df = 1) and 550°C (F =
1.44, df = 1) did not significantly reduce the nymph numbers relative to the water control
(Figure 3.1). However, the water control and the 550°C condenser aqueous bio-oil did
have significantly lower nymph numbers relative to the water control and 450°C
condenser aqueous bio-oil (F = 13.88, d f = 1; F = 6.60, df = 1 respectively), but this was
likely a trial effect.
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Figure 3.1. Average number of aphids on bean leaves (± standard error) after 3 days
exposure to water control and 3 mg/mL condenser aqueous bio-oil produced at 450 and
550°C. Bars with a different upper case letter indicate a significant difference (p < 0.05)
between different control and bio-oil treatment at the same temperature. Bars with a
different lower case letter indicate a significant difference (p < 0.05) between the two
pyrolysis temperatures among the control and bio-oil treatments .
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-The condenser organic phase and ESP bio-oil produced at 450 (F = 0.62, d f = 2) and
550°C (F = 1.80, df = 2) did not significantly reduce the number o f nymphs relative to the
acetone control (Figure 3.2). There was no significant difference between the acetone
controls (F = 3.89, d f = 1) or between the ESP bio-oils (F = 4.49, df = 1) for two different
temperatures. However, there was significant difference between the condenser acetone
bio-oils (F = 5.37, df = 1) for two different temperatures.
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Figure 3.2. Number o f aphids on bean leaves (+ standard error) after 3 days exposure to
acetone control and 3 mg/mL o f condenser organic phase and ESP bio-oils produced at
450 and 550°C. Bars with a different upper case letter indicate a significant difference (p
< 0.05) between different control and bio-oil treatment at the same temperature. Bars
with a different lower case letter indicate a significant difference (p < 0.05) between the
two pyrolysis temperatures among the control and bio-oil treatments .
3.3.2.4. CPB bioassay with 550°C lignin ESP-DCM bio-oil fraction
The CPB was more susceptible insects to bio-oil compared to CL and PA. Therefore, the
CPB was used to identify the active components in the lignin biomass bio-oil at two
different pyrolysis temperatures through bioassay-guided separation and fractionation.
The lignin 550°C ESP bio-oil fraction was more active than any other bio-oil fractions
and was chosen for further bioactivity investigation. No mortality was observed with the
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- ESP-water fraction, while the ESP-DCM fraction had approximately the same activity as
the ESP bio-oil.. At 7 mg/mL lignin ESP and ESP-DCM bio-oils gave 82 and 80%
mortality, respectively (Table 3.3). At 10 mg/mL and above, both the lignin ESP and
ESP-DCM bio-oils caused 100% mortality.

;

Table 3.3. Percent mortality o f CPB at 7 and 10 mg/mL lignin 550°C ESP, ESP-DCM
and ESP-water fractions

Mortality (%)
Bio-oil concentration(mg/mL)

7
10

A'

ESP

ESP-DCM

ESP-water

; • ■:

82

80

o

•

100

100

0

3.3.2.5. CPB bioassay with 550°C lignin ESP-DCM HPLC bio-oil fractions
Lignin biomass was pyrolysed in 2 batches, once in 2009 and once in 2010. All testing
and analyses were completing using these 2 batches. When the 2010 lignin bio-oil was
tested, no CPB mortality was observed for any o f the individual ESP-DCM HPLC
fractions (Figure 3.3) between 1 and 17 at any concentration level up to 90 mg/mL, but a
recombination o f fractions 14 to 17 showed 7 and 13% mortality at 30 and 60 mg/mL
concentrations, respectively (Table 3.4). At the 90 mg/mL concentration, the
recombinations o f HPLC fractions (2-5, 6-9, 10-13 and 14-17) were all active, with the
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recombination o f fractions 14-17 having the highest mortality (87%). When the 2009
lignin bio-oil was tested, no GPB mortality was observed for any of the individual ESPDCM HPLC fractions (Figure 3.4) between 1 and 17 at any concentration level up to 90
mg/mL. Even the recombination o f HPLC fractions (2-5, 6-9, 10-13 and 14-17) did not
produce any toxicity. Fraction 1 bio-oil was not combined with the other fractions
because fraction 1 contained the mobile phases (acetonitrile and water) only.

Figure 3.3. HPLC-UV-Vis chromatogram o f lignin (2010) 550°C ESP-DCM HPLC 1-17
fractions
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Figure 3.4. HPLC-UV-Vis chromatogram o f lignin (2009) 550°C ESP-DCM 1-17
fractions
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-Table 3.4. Percent mortality o f CPB at different concentrations of lignin 550°C (2010)
ESP-DGM HPLC fractions

,)
Mortality (%)

Bio-oil concentration(mg/mL)

........

*

Fractions

Fractions

Fractions

Fractions

2-5

6-9

10-13

14-17

30

0

0

0

. • . 7.

60

0

0

0

13

90

7

13

13

87

*’ 1 < ' ’•

,

v

:

y

3.3.3. GC-MS analysis of fractions 14-17
In addition to the lignin pyrolyzed in 2010 for this study, bio-oil was available from
lignin pyrolysis in 2009. Interestingly, the oil from the recombination of the ESP-DCM
14-17 fractions (Figure. 3.4) for the 2009 lignin pyrolysis at 550°C did not show any
toxicity at 90 mg/mL. The sharp contrast with the oil obtained from a similar
recombination o f the fractions obtained from the 2010 lignin pyrolysis offered a unique
opportunity to identify the active component(s).
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The ten most abundant peaks were identified by GC-MS from the recombination o f
HPLC fractions 14-17 from the 2010 lignin. The six most abundant peaks (Table 3.5) of
the GC-MS chromatogram (Figure 3.5) from the 2009 lignin 550°C ESP-DCM 14-17
fractions are also present in the GC-MS chromatogram (Figure 3.6) from the 2010 lignin
550°C ESP-DCM HPLC 14-17 fractions, and therefore cannot be responsible for the
pesticide activity. However, some o f the top ten (Table 3.6) most abundant peaks from
the 2010 lignin 550°C ESP-DCM HPLC 14-17 fractions, which are polycyclic aromatic
hydrocarbons (PAHs), were not present in the 2009 lignin 550°C ESP-DCM HPLC 14-17
fractions. These PAHs are anthracene, pyrene, fluoranthene, and phenanthrene, and
methyl substituted fluoranthene.
Anthracene and stearic acid were identified by standard. The concentration o f anthracene
and stearic acid accounts for 0.09 and 0.07 mg/mL respectively. Concentration values
were calculated using calibration curves. Concentration o f the chemical mixture o f
anthracene and stearic acid found in the bio-oil did not produce any toxicity to the CPB.
Two clusters were identified from the GC-MS chromatogram: cluster 1 is for the possible
isomer o f benzoanthracene and cluster 2 is for the possible isomer o f methyl substituted
phenanthrene.

1

•

)

54
A bundance

2 .2 e + 0 8
2e+ 08
1 .8 e + 0 8
1 .6 e + 0 8
1 .4 e + 0 8
1 .2 e + 0 8
1e+ 08

2

8e+ 07
6e+ 07

3

4e+ 07
2e+ 07

*T

10.00

t‘<r

1 5 .0 0

2 0 .0 0

I ' l l ' )*'

2 5 .0 0

3 0 .0 0

T im e-->

Figure 3.5. GC-MS chromatogram o f lignin (2009) 550°C ESP-DCM HPLC 14-17
fractions
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-Table 3.5. Six most abundant peaks from GC-MS chromatogram o f lignin (2009) 550°C
ESP-DCM HPLC 14-17 fractions
Components

Retention Time

Peak

on NIST 2008

; (min)
Not identified

1

39.0

746
<

Dodecyl acrylate
Dodecanol

2
.. 3

-

Best Match based

j

: 27.1;

913

24.1

940

Linoleic acid

4

37.8'

950

Palmitic acid

5

34.6

942

Stearic acid

6

38.3

909

\.

I
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Cluster 1

Figure 3.6. GC-MS chromatogram o f lignin (2010) 550°C ESP-DCM HPLC 14-17
fractions
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-Table 3.6. Ten most abundant peaks (in addition to some other peaks) from GC-MS
chromatogram o f lignin (2010) 550°C ESP-DCM HPLC 14-17 fractions
Components

.

Peak

Retention Time

Best Match

(min)

based on NIST
2008

1

39.°

718

2 ■•.

29.3

960

Palmitic acid

3

34.6

829

Fluoranthene

4

35.6

967

5

36.2

942

Stearic acid

6

38.3

789

Dodecyl acrylate

7

27.1

924

Methyl substituted

8

38.0

866

Fluoranthene

9

35.1

964

Anthracene

10

29.4

938

Dodecanol

A

24.1

935

Linoleic acid

B

37.8

86!

Not identified
Phenanthrene

Pyrene

. .

'■

fluoranthene
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3.4. Discussion
Chapter 2 compared the insecticidal activities o f lignin, cellulose, and hemicellulosepyrolyzed bio-oils and found that lignin bio-oil is the most active. In the present chapter
several new findings were made: 1) the higher temperature used for lignin pyrolysis, 550
vs. 450°C, was found to produce the more active bio-oil; 2) when separated, the bio-oil
collected in the ESP was more active than from the condenser, and 3) the organic phase,
separated by DCM, was more active than the aqueous. A comparison o f two batches o f
lignin bio-oil produced 1 year apart indicated a difference in both activity and chemicals
constituents. The 2009 and 2010 lignin biomass bio-oils were produced from the same
batch o f lignin powder. It is not clear why the 2009 and 2010 lignin biomass bio-oils
showed the different toxicity. The pyrolysis operating conditions were same for the both
cases. '
As was the case with Bedmutha et al.8 the resulting bio-oil was collected in three
condensers in series, but they did not use an ESP. Coffee grounds were pyrolyzed at five
different temperatures from 400 to 600°C, and activity with the bio-oil was tested with
CPB larvae as well as two bacteria (Streptomyces scabies and Clavibacter michiganensis
subsp. michiganensis) species.
A second related study by Booker-et al.9 assessed the pesticide activity, o f pyroyzed
tobacco leaves with the CPB and bacteria including S. scabies, C. michiganensis, and
Pythium ultimum.
In the present study the bio-oil yield at both 450 and 550°C were higher for cellulose (6674%) compared to hemicellulose (31-46%) and lignin (17-20%). The cellulose and lignin
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yields increased as the pyrolysis temperatures increased, but not hemicellulose. The
condenser organic and the lignin 550°C ESP bio-oil fractions were more active at the
550°C temperature, indicating that the pyrolysis temperature affects the bio-oil yield and
its toxicity to the CPB. Therefore, the optimization o f the pyrolysis conditions plays an
important role for the bio-oil pesticide activity. The coffee grounds produced a single
phase bio-oil, with the highest bio-oil yield (43.8%) at 500°C and a residence time o f 5
s8. In contrast to the present study, the bio-oil yield was less at 550 compared to that of
450°C, but similar mortality results were observed with the 550°C bio-oil.
None o f the individual HPLC fractions were active singly. Only when recombined were
they effective, indicating that individual compounds within those particular fractions are
effective in combination. Synergy between these compounds is likely as has been
demonstrated in Chapter 2. A bio-oil pesticide containing more than 1 active will be
valuable from the standpoint it will harder for CPB or any insect pest to develop
resistance to multiple actives.

For example, biopesticides based on ifr toxins are

commonly used in southwestern British Columbia where 1some cabbage looper
populations have developed strong resistance14: CL populations in that region have
developed a high resistance to insecticides and repeated applications of insecticides are
required to control them17. Although our CL strain was never previously exposed to bio
oils, this species might in general be more tolerant o f insecticides, including lignin,
cellulose, and hemicellulose-pyrolyzed bio-oils compared to the CPB. The lignin bio-oils
produced at 450 and 550°C did not significantly affect the adult aphids survival or the
reproduction rate compared to controls for the lignin bio-oil at a sublethal concentration
(3 mg/mL) and there was no difference between the three bio-oil fractions produced at
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450 and 550°C. Further investigation o f sublethal activity o f the bio-oils was not pursued
but these results may provide some promise for other potential uses for these extracts in
the future. The CPB was chosen as the best insect model due to the greater sensitivity to
bio-oils compared to the CL and the PA.
The 90 mg/mL HPLC lignin ESP 550°C bio-oil, fractions 14 to 17 recombined, had the
greatest insecticidal activity relative to the other fractions. GC-MS analyses o f these
fractions indicated that stearic and palmitic acid may also be present, both o f which are
known to be toxic18. Also present are five possible PAHs: anthracene, pyrene,
fluoranthene, phenanthrene, and methyl substituted fluoranthene. Many o f the PAHs are
known to be toxic ’ and carcinogenic . Only anthracene was quantified by GC-MS,
while the other PAHs require confirmation by standard and then could be tested with the
CPB and other insect species.
As lignin bio-oil showed the highest insecticidal activity, high value pesticide products
could be generated from the large amount o f lignin that is available (40-50 million tons of
lignin per annum, worldwide). Lignin is mainly a waste material that is currently used as
a fuel22; pesticide production would be a more valuable use for the lignin.
Future studies will include the use o f a new type of pyrolysis reactor to easily produce
various temperature cuts o f bio-oil from lignin. This will improve the separation o f the
compounds that contribute to the bio-oil pesticide activity and also provide a process for
the commercial production o f concentrated pesticide bio-oils.
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3.5. Conclusions
Bio-oil from lignin pyrolyzed at 550°C collected by an electrostatic demister, was the
most active against the Colorado potato beetle.
This bio-oil was separated into polar and non-polar phases by liquid-liquid extraction
using water and dichloromethane. The dichloromethane phase retained the pesticide
activity in the CPB bio assay, and was further fractioned by semi-preparative HPLC.
None o f the individual fractions was active, but a range o f HPLC fractions when re
combined were found to be active. This demonstrates that synergy between several
compounds is essential to the bio-oil pesticide activity. The recombined oil was analyzed
by GC-MS to identify the active components through comparison to similar oils that were
not active. The candidates are anthracene, pyrene, phenanthrene, fluoranthene, methyl
substituted fluoranthene, stearic acid and palmitic acid. In addition, two clusters were
identified from the GC-MS chromatogram: cluster 1 is for the possible isomer of
benzoanthracene and cluster 2 is for the possible isomer o f methyl substituted
phenanthrene.
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CHAPTER 4
THE SEPARATION AND IDENTIFICATION OF INSECTICIDAL
COMPOUNDS IN BIO-OIL OF LIGNIN PYROLYZED BY
MECHANICALLY FLUIDIZED REACTOR

4.1. Introduction
The Colorado potato beetle is regarded as the economically most important insect
defoliator o f potatoes1. They may also cause significant damage to eggplants2. Insecticide
resistance in the Colorado potato beetle is a truly global phenomenon1,3’4. Insecticides
are the main method o f beetle control. However, many chemicals are often unsuccessful
when used against this insect because o f the beetle's ability to develop insecticide
resistance. Over the last few decades, the beetle has developed resistance to 52 different
compounds belonging to all major insecticide classes1.
The use o f natural products formulated as biopesticides in crop protection has been
increasing over the years5. The principal reason is increasing environmental awareness
and the potential health hazards from many o f the synthetic pesticides6. Biopesticides are
living organisms (plants, microorganisms, including bacteria, viruses, and fungi) or
natural products derived from these organisms, that are used to control pest populations.
There are three kinds o f biopesticides: microbial, plant-incorporated protectants ]
(genetically modified organisms) and biochemical . Microbial pesticides consist o f a
microorganism (such as a bacterium, fungus, virus or protozoan) as the active ingredient.
Plant-incorporated protectants (e.g., Bacillus thuringiensis (Bt) insect-resistant crops) are
pesticidal substances that plants produce from genetic material that has been engineered
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-into the plant. Biochemical pesticides are pesticides (e.g., pyrethrins) that protect the
O

plants from herbivores by toxic or non-toxic modes o f action .
It is imperative to develop energy-efficient processes for the sustainable production o f
fuels and
chemicals due to the declining petroleum resources and environmental concerns about
fossil fuels. In this respect, biofuels, fuels derived from plant biomass, are the only
current sustainable source o f liquid fuels9. Pyrolytic bio-oils are derived primarily from
the depolymerization o f three key biomass building blocks: lignin, cellulose, and
hemicellulose10.
Lignin is a phenolic high molecular wt. biopolymer (600-15000 kDa), composed o f a
highly branched phenylpropanoid framework. Its three monomers, coumaryl-, coniferyland sinapyl alcohol vary in abundance depending on the plant species11. In spite o f the
increasing demand o f biomass pyrolysis, there is not enough information regarding the
pyrolysis behavior o f lignin, one o f the principal components of biomass, due to its
\

complex chemical structure. Its major pyrolysis reactions occur between 200 and
600°c '2.
Lignin accounts for 20% o f the total wt. o f the planet’s biosphere. Crude lignin is
obtained in large quantities in the pulp and paper industry11. Pyrolysis is a promising tool
for providing bio-oil that can be used as an alternative fuel oil or chemical feedstock .
As the CPB has developed resistance to all major insecticide classes1, control o f CPB by
biopesticides would be a great idea. Both the bio-oil from pyrolyzed tobacco leaves and
coffee grounds have been found to exhibit CPB insecticidal activity14,15. Phenols and its
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-derivatives were found at high concentration levels in the pesticidal fraction o f the
biomass bio-oil14,15. Phenols, alcohols, aldehydes, and formic acids were identified from
the pyrolysis o f wood lignin16. The presence <o f phenols alone may explain the
insecticidal activity observed, since its derivatives are reported to be toxic to animal and
plant species .

-

. ,

Bio-oils are a mixture that can contain more than 400 different compounds9. The
distribution o f these compounds mostly depends on the type o f biomass used and on the
operating conditions o f the reactor10 and not all will be detected or identified using
selected chromatography (eg. GC-MS) due to the complex composition o f the bio-oils .
One solution is to produce and to identify the valuable components (e.g., pesticidal
components) produced by the fluidized bed reactor at more than one temperature (as in
chapter 3). Volatile products are produced as lignin undergoes thermal degradation over a
wide temperature range12.
Mechanically fluidized reactor (MFR) is a novel pyrolysis reactor since bio-oil can be
produced over the different range o f temperature cuts. Bio-oil produced during these
\

temperature cuts could improve the separation and identification o f the valuable products
obtained from MFR and be less expensive compared to the process required for bubbling
bed reactor bio-oil. Since it is a mechanically fluidized batch reactor, there is no bed
material except the biomass and no need for the inert gas for the fluidization o f the bed.
Lignin produces more toxicity compared to cellulose and hemicellulose bio-oil as was
observed in Chapter 3. Bio-oil produced from lignin at 550°C in a fast pyrolysis bubbling
bed reactor was found to be an active pesticide. Separation with liquid-liquid extraction
and high pressure liquid chromatography (HPLC) produced very active fractions whose
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most abundant components were identified by gas chromatography-mass spectrometry
(GC-MS) (chapter 3). Liquid-liquid extraction was performed to obtain the pesticidal
fraction o f the biomass bio-oil14,15. Liquid-liquid extraction and HPLC separation are
time consuming and expensive techniques to obtain the pesticide components.
Our objective was to use a mechanically fluidized reactor (MFR) to produce narrow
temperature cuts from which the active components could be isolated and then identified.

4.2. Materials and Methods
4.2.1. Insects and Plants
CPB first instar larvae were reared at the Southern Crop Protection and Food Research
Centre, Agriculture and Agri-Food Canada, London, Ontario, Canada. The insects were
reared on potato plants (Solarium tuberosum var. Kennebec) at 25° C, 50% RH, and 16:8
h light: dark photoperiod. CPB were reared for over 125 generations without exposure to
insecticides. Potato plants for the insect rearing and for the insect bioassay were grown in
a climate controlled greenhouse.
4.2.2. Chemicals
HPLC grade acetone, dichloromethane (DCM), and acetonitrile, were obtained from
Caledon Laboratories Ltd., Ontario, Canada. Milli-Q water and reverse osmosis water
were obtained from Agriculture and Agri-Food Canada, London, Ontario, Canada.
Methoxyamine-HCl (MOX) and N-methy-N-trimethylsilyltrifluoroacetamide (MSTFA)
were supplied by Pierce. Organosolv lignin is a dark brown powder with a particle size <
200 pm. a-Cellulose was provided by Sigma-Aldrich, USA. It is a natural product
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derived from plant source. It is off-white powder with particle size less than 500 pm.
Xylan was provided by Sigma-Aldrich, USA. It is a natural product derived from birch
wood. Xylose residue was more than 90%. Its particle size was less than 850 pm.

4.2.3. Operating Conditions of Pyrolyzer
The pyrolysis reactor used for the biomass conversion was located at Institute for
Chemicals and Fuels from Alternative Resources (ICFAR), UWO, London, Ontario. The
reactor is a Mechanically Fluidized Bed Reactor (MFR) pilot plant (see Figure 1.6 in
chapter 1). The reactor is 8.8 cm in diameter, with an 11.5 cm long cylindrical section.
Two ceramic radiated heaters are used for the reactor. The heaters are independently
controlled by controllers. It is a batch reactor. The temperature increment was at the rate
o f 10°C per min (held 5 min). Biomass was put into the reactor before the pyrolysis. The
,
■
)
pyrolysis was done at the range ambient to 600°C and the bio-oil was collected at each
range o f temperature, providing three cuts between pre-selected reactor temperatures. The
condensable gas deposits as a liquid in one condenser for the particular temperature cut
when the other two condensers’ inlet and outlet gas valves are closed. There is an agitator
in the reactor which helps for the uniform heat distribution in the biomass.
4.2.4. Bio-oil production
The bio-oil condensing system consisted o f three steel cyclonic condensers in parallel,
immersed into the chilled water. Valves were used to direct vapours from the reactor over
a specific temperature range to one o f the condensers. Three temperature cuts could thus
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-be obtained with every run. The condensers were weighed before and after each run to
obtain an accurate liquid yield.
4.2.5. Bio-oil sample preparation for insect bioassays
Bio-oil after pyrolysis o f lignin was collected from the condenser for the particular
temperature cut. Oil consisted o f one or two phases (aqueous and organic) depending on
the temperature cut. Aqueous and organic phase bio-oils were dried by nitrogen gas and
dissolved in distilled water and acetone respectively to prepare sample solutions.
4.2.6. CPB first instar larvae bioassay
I
'
Potato leaf discs were cut to a diameter o f 4 cm from fresh potato leaves (Solarium
tuberosum var. Kennebec). The discs were treated with control (water, acetone) or bio-oil
on both sides (total volume o f control or bio-oil was 150 pL) and allowed to dry for 1 h.
Leaf discs were placed inr5 cm diameter Gelman Petri dishes on top of Whatman filter
paper. Five CPB first instar larvae were placed on each treated disc with 15 larvae per
trial and trials were replicated a total o f 3- times. All insect bioassays were held in an
environmental chamber at 25°C, 50% RH, and 16:8 h light: dark photoperiod. Mortality
o f larvae was recorded after 48 h. The LC50 was determined by SAS program (version
9.2).
4.2.7. Separation and analyses of lignin MFR bio-oil
Since the lignin 250-300°C organic phase showed the most toxicity, this bio-oil fraction
was further analysed to identify the active components.
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4.2.7.I. Liquid-liquid extraction of lignin MFR250-300°C organic phase
Reverse osmosis water and DCM (80mL o f each) were added to 597 mg o f dried lignin
MFR 250-300°C organic phase bio-oil in a separatory funnel. The mixture was
vigorously shaken and the DCM fraction was drained into a beaker. Another fresh 80 mL
o f DCM was added to the water fraction and vigorously shaken and the DCM fraction
was drained into a beaker. Both DCM fractions were combined and another fresh 80 mL
o f reverse osmosis water was added to DCM fraction and vigorously shaken and the
DCM fraction was drained into a beaker. Both water fractions were combined. Water and
DCM fractions were individually dried using a rotary evaporator (BUCHI) and re
dissolved in water and acetone (19.9 mL o f each) respectively to achieve a concentration
o f individual bio-oil components equivalent to that in a 30 mg/mL solution o f the original
bio-oil. Both bio-oil fractions were tested with the CPB.

4.3. Results
The bio-oil produced between ambient and 300°C had two separate layers, aqueous and
organic phases respectively (Table 4.1). The cuts between 300-450 and 450-600°C
produced one homogeneous organic phase bio-oil.
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Table 4.1. The bio-oil yield (%) for the <300, 300-450 and 450-600°C temperature cuts
Temperature cut (°C)

<300

Bio-oil yield (%)

Aqueous

6.34

Organic

23

300-450

3.68

450-600

0.92

4.3.1. Insecticidal bioassay with the ambient to 600°C temperature cuts of lignin
MFR bio-oil
The most active bio-oil was the organic fraction pyrolyzed between ambient and 300°C
temperature cut (Table 4.2). The 30 mg/mL organic phase was 3-times more active when
compared to the aqueous phase. The <300°C cut was also approximately 2.5 and 9-times
more active than the two bio-oils collected between 300-450 and 450-600°C. No control
mortality was observed during these trials.
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-Table 4.2. CPB bioassay with <300, 300-450 and 450-600°C temperature cuts o f lignin
MFR bio-oil
Temperature cut (°C)

<300

Mortality (%)

Aqueous

20

Organic

66

300-450

450-600

27
...........7

4.3.2. Insecticidal bioassay with <100, 100-200 and 200-300°C temperature cuts of
lignin MFR bio-oil
The bio-oil yield increased with temperature and the highest yield was the 200-300°C cut
(Table 4.3), approximately double that produced between 100 and 200°C. Only a trace
amount o f bio-oil was produced at <100°C.
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Table 4.3. The bio-oil yield (%) at the different temperature cuts
Temperature cut (°C)

Bio-oil yield (%)

<100

0.14

100-200

200-300

Aqueous

5.30

Organic

5.76

Aqueous

5.55

Organic

15.23

'

'

Table 4.4. CPB bioassay with <100, 100-200, and 200-300°C cuts o f lignin bio-oil
Temperature cut (°C)

Mortality (%)

<100

7

100-200

200-300

Aqueous

27

Organic

47

Aqueous

53

Organic

87
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The most active bio-oil was the organic fraction from the 200-300°C cut (Table 4.4). The
CPB mortality with the organic bio-oil was higher than the aqueous bio-oil with the 100200 and the 200-300°C cuts. No control mortality was observed during these trials.
In a third MFR run the bio-oil yield was higher between 250 and 300°C compared to that
at <200°C and 200-250°C (Table 4.5). The organic phase yield was higher except for the
<200°C cut.
Table 4.5. The bio-oil yield (%) at the <200,200-250 and 250-300°C cuts
Bio-oil yield (%)

Temperature cut (°C)

<200

200-250

250-300

Aqueous

8:00

Organic

1.34

Aqueous

3.82

Organic,

5.10

Aqueous

3.58

Organic

9.02
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4.3.3. Insecticidal bioassay with <200, 200-250 and 250-300°C cuts of lignin MFR
bio-oil
The most active bio-oil was the organic fraction from the 250-300°C cut (Table 4.6). The
20 and 30 mg/mL lignin condenser organic fraction caused 80 and 100 % mortality. The
200-250°C cut (organic fraction) had 73% mortality at 30 mg/mL compared to 100%
mortality o f organic phase 250-300°C bio-oil.
The CPB mortality was always higher with organic oil compared to that with aqueous oil
at any temperature. No control mortality was observed during these trials. The LC50 of
lignin organic phase bio-oil at 250-300°C cut was 17 mg/mL. The 413 mg lignin biomass
was required to produce 17 mg bio-oil.
Table 4.6. CPB bioassay with <200, 200-250, and 250-300°C cut o f lignin MFR bio-oil
at 30 mg/mL
Mortality (%)

Temperature cut (°C)

<200

, 200-250

Aqueous

20

Organic

47

Aqueous

47

Organic
Aqueous

250-300

Organic

,

73
"53
100
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4.3.4. Insecticidal bioassay with 250-300°C temperature cut of lignin organic phaseDCM bio-oil fraction
The organic phase-DCM fraction from the 250-300°C cut was the most active bio-oil.
There was no mortality for the organic phase-water fraction. The organic phase-DCM
fraction had 80% mortality at 30 mg/mL compared to 100% mortality o f organic phase
bio-oil.

4.3.5. GC-MS analysis of the MFR 100-200 (organic phase), 250-300 (organic phase),
300-450 and 450-600°C cut
4.3.5.I. GC-MS analysis of 250-300°C (organic phase) cut bio-oil fractions
A

The NIST 2008 library was used to identify the ten most abundant peaks (Table 4.7)
found in the GC-MS chromatogram (Figure 4.1). Fifty nine peaks were detected and
three chemicals catechol, guaiacol, and stearic acid (peaks 3, 4 and B respectively) were
identified by standard. Stearic acid accounted for 0.40% o f the peak area (concentration,
0.07 mg/mL, retention time, 38.36 m). Concentration values were calculated using
calibration curves. The concentration o f the mixture o f catechol, guaiacol, and stearic
i

acid found in the bio-oil did not produce any toxicity. 3-vanilpropanol, bis
(TMS)(retention time 30.22 m, peak area 1.61% m)(peak A) and dehydroabietic acid
methyl ester (retention time 40.34 m, peak area 1.38%)(peak C) were detected by GCMS.

78

Figure 4.1. GC-MS chromatogram o f MFR lignin 250-300°C (organic phase) cut bio-oil
fractions

v
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Table 4.7. Ten most abundant components in the MFR organic phase bio-oil fractions
Chemical Name (Identified
by NIST 2008)

Retention Percent
Time
(min)
Area

Concentration

Peak

(mg/mL)

(%)
Guaiacol

14.93

8.55

1.82

1

Catechol

17.67

9.37

1.95

2

3-Methylcatechol

19.78

3.06

Benzaldehyde, 3-methoxy-4hydroxy

19.95

7.71

2,6-Dimethoxyphenol

20.23

6H-[1] Benzothiopyrano [3,4E] Pyrazolo[l,5-A]
Pyrimidine, 5-(Methylthio)
9 - Anthracenol, 1,4,8Trimethoxy-2-Methy 1

3
•

4

17.14

5

22.37

15.02

6

23.89

3.44

7

1,2-dihydro-3-oxo-4phenylisobenzofuranone

24.06

3-48

Acetic acid,[4-methoxy-3(TMS)phenyl] -, methyl ester

25.89

2.54

9

6- Imino-8-(4'Methylphenyl)-2,3,4,6Tetrahydro -Pyrido[2,lB ][l,3] Thiazine-7Carbonitrile

28.06

2.06

10

;

t- '■ • '

8
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4.3.5.2. GC-MS analysis of organic phase-DCM 250-300°C cut bio-oil fractions
The ten most abundant components as well as the peaks A, B and C were the same for the
250-300°C organic phase and organic phase-DCM bio-oil chromatograms (Figures 4.2).

Figure 4.2. GC-MS chromatogram o f lignin organic phase-DCM bio-oil fraction (250300°C)
4.3.5.3. GC-MS analysis of 100-200(organic phase), 200-250(organic phase) 300-450,
and 450-600°C cut bio-oil fractions
The 100-200 (organic phase) (Figure 4.3), 200-250 (organic phase) (Figure 4.4), 300-450
(Figure 4.5), and 450-600°C (Figure 4.6) cut bio-oil fractions produced very similar
chromatograms. The ten most abundant components in the MFR 250-300°C (organic
phase) bio-oil fractions are present in the 100-200 (organic phase), 200-250 (organic
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phase) 300-450, and 450-600°C cut bio-oil fractions. The two peaks, 3-vanilpropanol, bis
(TMS) (peak A) and dehydroabietic acid methyl ester (peak C) identified in the 250300°C organic phase bio-oil fractions are not present in any other temperature cut except
200-250°C (organic phase). Stearic acid was common (peak B) in 250-300°C organic
phase and 200-250°C organic phase bio-oil fractions.
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Figure 4.3. GC-MS chromatogram o f lignin 100-200°C organic phase bio-oil fraction
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Figure 4.4. GC-MS chromatogram o f lignin 200-250°C organic phase bio-oil fraction
Abundance

5

Time

Figure 4.5. GC-MS chromatogram o f lignin 300-450°C bio-oil fraction
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Figure 4.6. GC-MS chromatogram o f lignin 450-600°C bio-oil fraction

4.4. Discussion
The yield o f organic phase bio-oil pyrolyzed at 250-300°C was the highest compared to
all other temperature cuts and fractions o f bio-oil fraction and was also the most active
against the CPB. The LC50S o f lignin organic phase bio-oil produced at 250-300°C cut
was 17 mg/mL. In order to obtain the 17 mg o f lignin organic phase bio-oil, 413 mg o f
lignin biomass was required.
Guaiacol, catechol and stearic acid in the organic phase bio-oil pyrolyzed at 250-300°C
occupy 18% o f the peak area but the mixture o f all three was not found to be toxic to the
CPB indicating the concentration level o f these three components alone was not high
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enough to cause the insecticidal effect caused by the fraction. Guaiacol and catechol are
known to be toxic toward fungi19, and stearic acid also has reported toxicity20.
The pyrolysis o f lignin is difficult because o f its thermally stable characteristics21.
Because of the lignin’s structural complexity and the difficulty o f processing it in a
bubbling bed pyrolyzer, there is not much information about the pyrolysis behavior of
this biomass

. Therefore it was not surprising that the ten most abundant peaks are in

wide range o f temperature cuts even if the toxicity o f the bio-oil from the different
temperature cuts was different. We obtained the MFR lignin monomers at low pyrolysis
temperature (below 300°C) before their disintegration. The reactor heating rate was 10°C
per min. There can be different bio-oil chemicals ,in each temperature cut if the heating
rate o f the reactor is changed.
Dehydroabietic acid methyl ester and 3-vanilpropanol, bis (TMS) were abundant in the
most active cut and not present in the other cuts (except 200-250°C org phase). They may
be responsible for the pesticide activity o f the bio-oil, either on their own or through
synergy with other compounds. Accurate calibrations are required to measure the
concentrations o f dehydroabietic acid methyl ester and 3-vanilpropanol, bis (TMS) by
standard, followed by tests with insecticide bioassays. Dehydroabietic acid derivatives
have gastroprotective and cytotoxic effect in animal22. Three critical experiments are
suggested:

first, the bio-oil should be collected at a temperature cut wherever the

concentration o f dehydroabietic acid methyl ester and 3-vanilpropanol, bis (TMS) are
very high compared to the other cut; second, the insecticidal activity o f a mixture o f
dehydroabietic acid methyl ester and 3-vanilpropanol, bis (TMS) should be tested on
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CPB; and third, the insecticidal activity should be tested in combination with a cut o f low
pesticide activity, to identify potential synergies.

4.5. Conclusions
This is the first study to ever report a novel pesticidal use for lignin bio-oil produced from
the MFR.
The MFR lignin pyrolysis 250-300°C cut had the highest bio-oil yield compared to other
temperature cuts. The organic fraction o f bio-oil produced from 250-300°C cut also
exhibited the most toxicity to the CPB compared to any other fraction or temperature cut.
The ten most abundant chemicals are available in all temperature cuts, except
Dehydroabietic acid methyl ester and 3-vanilpropanol, bis (TMS) which were abundant
in the organic fractions o f 200-250°C and 250-300°C cut, the more active fractions.
Further experiments are underway to optimize the MFR operating conditions to obtain a
more refined bio-oil fraction at a particular temperature cut which will produce the most
toxicity to the crop insects including the CPB. The quantification of Dehydroabietic acid
methyl ester and 3-vanilpropanol, bis (TMS) will be conducted for the bioassay with the
CPB to confirm their toxicity effect.
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CHAPTER 5
GENERAL CONCLUSIONS AND RECOMMENDATIONS
5.1. General Conclusions
Biomass includes three major components: lignin, cellulose, and hemicellulose. When
biomass is pyrolysed the contributions of the individual components to the bio-oil
products is unclear, especially if this material is to be used as a pesticide. The objectives
o f this thesis were met through the bioassay-guided investigations o f the insecticidal
effects o f lignin, cellulose and hemicellulose bio-oil produced in two different pyrolysis
reactors, and by high pressure liquid chromatography (HPLC) and gas chromatographymass spectrometry (GC-MS) separation and identification o f the active component(s),
respectively.
Lignin, cellulose and hemicellulose individually as well as in mixture were pyrolyzed at
550°C in a bubbling bed reactor with nitrogen as the fluidizing gas and silica sand as the
bed material. The objective o f this study was to determine which biomass fractions are
responsible for the insecticide activity o f biomass bio-oil, by testing the toxicity (LC50) to
Colorado potato beetles o f bio-oils from the pyrolysis o f 1) a mixture o f lignin, cellulose
and hemicellulose, 2) from the individual pyrolysis o f each o f these three biomass
components, and 3) from mixtures o f oils from individual component pyrolysis. The
lignin fraction o f the biomass gives bio-oil with the strongest pesticide activity, especially
if only the bio-oil collected in the electrostatic demister is used. Although the cellulose
and hemicellulose components o f the biomass enhance the pesticide activity o f the lignin
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fraction when pyrolyzed with it, they do.not greatly increase the pesticide activity and
have other, valuable applications. The rest o f this work, therefore, focused on studies o f
pyrolytic oils from lignin.
The next study used various separation methods on the bio-oil collected in the
electrostatic demister during the 550°C bubbling bed pyrolysis o f lignin, to obtain oils
with higher pesticide potency. The bio-oil was separated into polar and non-polar phases
■by liquid-liquid extraction using water, and dichloromethane. The dichloromethane phase
retained the activity in the Colorado potato beetle bioassay, and was further fractioned by
semi-preparative HPLC. None o f the individual fractions was active, but a range o f
fractions at the end o f the HPLC collection when re-combined were found to be active.
This indicates that no single component is active and that synergy between several
components is essential to the pesticide activity o f the bio-oil.

The most active

recombined fraction was analyzed by GC-MS to identify the active component(s). Six o f
the ten most abundant peaks from GC-MS are polycyclic aromatic hydrocarbons:
anthracene, pyrene, fluoranthene, phenanthrene, fluoranthene, and methyl substituted
fluoranthene. Stearic and palmitic acids were also identified by GC-MS. All o f these
compoundss have reported toxicity to different organisms, but at the concentrations
present in the bio-oil fraction, none o f these compounds is toxic on its own. Therefore,
synergy between these compounds is essential for insecticide activity and will also make
it harder for beetles to develop resistance.
A new type o f reactor was used to obtain highly active fractions of the bio-oil directly,
with no need for expensive liquid-liquid extraction and HPLC separation.

The

mechanically fluidized reactor increased the reactor temperature in well-defined steps, so
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that different cuts o f bio-oil could be obtained from lignin pyrolysis. Bio-oil from the
250-300°C cut o f the lignin pyrolysis was the most active against the Colorado potato
beetles. Dehydroabietic acid methyl ester and 3-vanilpropanol, bis (TMS) were abundant
in the most active cut and not present in the other cuts. It is likely that they are essential
to the pesticide activity o f the bio-oil, either on their own or through synergy with other
compounds, but future tests with these compounds will have to address this question.
The compositions o f the most active liquids from the bubbling bed, fast pyrolysis and
from the slower pyrolysis performed in the mechanically fluidized reactor are quite
different. Different components were identified as potential candidates for the pesticide
activity o f these bio-oils. Either the pesticide components o f these bio-oils are truly
different, or the components responsible have a boiling point that is too high to be
detected by GC-MS.

Experiments with the MFR, however, have shown that liquids

obtained at temperatures higher than 300°C had poor activity, which shows that high
boiling point components are not very active.

It is, therefore, highly likely that the

components responsible for the pesticide activity of the pyrolytic oils from the bubbling
bed and mechanically fluidized reactors are truly different.
The process used to produce the pyrolytic oil had a great impact on its pesticide potency.
The liquid recovered from the electrostatic demister during lignin pyrolysis in the
bubbling bed, with an LC50 o f 5 mg/mL, was approximately 3 times more active than the
best cut (250-300°C) from the mechanically fluidized reactor, which gave an LC50 of 17
mg/mL. To produce a liquid with the same pesticide potency, the mechanically fluidized
reactor required about 4.5 times the lignin mass that the bubbling bed required. Fast
pyrolysis therefore seems more effective than slow pyrolysis. There are three possible
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explanations: 1) some o f the active pesticide compounds are thermally sensitive and get
degraded during slow pyrolysis; 2) several o f the mechanically fluidized reactor cuts need
to be recombined to achieve the optimal synergy between the components; or 3) reactive
intermediates that are produced at different temperatures in the mechanically fluidized
reactor, are produced simultaneously in the bubbling bed reactor together to yield potent
pesticide compounds.

5.2. Recommendations
In order to investigate the synergistic effect produced by the combination o f bio-oils from
cellulose, hemicellulose and lignin, a fixed-ratio design was applied, based on the bio-oil
yield o f each biomass component. Synergism depends on the proportions o f components
in the mixture, where one proportion may be synergistic while another is simply additive,
or even antagonistic1. In the present study different combinations of lignin, cellulose, and
hemicellulose bio-oils were tested to identify the potential synergistic effects missed by
the fixed ratio approach.
Our research showed that lignin was the main biomass component that provided pyrolytic
oils with the highest pesticide activity. This suggests two practical approaches to obtain
bio-oils with a high pesticide potency: 1) pyrolyzing natural materials with high lignin
content or 2) pyrolyzing pure lignin.

r

Olive husk and hazelnut shell are residues with high lignin content when compared to
other types o f biomass (Table 5.1)2. It is recommended that they be pyrolyzed and their
oil tested for pesticide activity.
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Table 5.1. Composition of lignin, cellulose, hemicellulose, and other components in
selected biomass.
Biomass

Lignin

Cellulose

Olive husk

48.4

24

Hazelnut shell

42.5

25.9

j

Hemicellulose

Other

23.6

4

29.9

2.5

In the second case, 40-50 million tons o f lignin per annum is produced worldwide and its
majority is used as a low-value fuel by pulp and paper mills . Although most of the
available, low cost lignin is krafi lignin, most of our research was conducted with
organosolv lignin, since its bio-oil had five times the pesticide activity o f bio-oil from
krafi lignin. It would be worthwhile to check whether krafi lignin could be pretreated or
its pyrolysis conditions modified to increase the pesticide activity o f its bio-oil.
Our research showed that bio-oil produced by the continuous bubbling bed pyrolyzer was
more active against the Colorado potato beetle than bio-oil produced in the batch
mechanically fluidized reactor which uses a heating rate of 10°C per min and a much
longer vapor residence time. This suggests that the heating rate and/or the vapor
residence time are important variables. The mechanically fluidized reactor should be
modified to increase its heating rate and reduce its vapour residence time, to determine
whether this would help produce cuts with higher pesticide activities.

In the current

bubbling bed reactor, the dispersion o f the lignin particles is not perfect, which reduces
their heating rate. The bubbling bed pyrolyzer should, therefore, be modified to greatly
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enhance the heating rate o f the lignin particles and check whether this enhances the
pesticide activity o f the produced bio-oil. This may also improve the activity o f the kraft
lignin bio-oils since kraft lignin particles form large agglomerates in the current bubbling
bed reactor, which greatly reduces their heating rate.
Our research has shown that synergy between various chemical compounds is responsible
for the pesticide potency o f the lignin bio-oils. This will reduce the environmental impact
o f pesticides produced from bio-oils and make it more difficult for pests such as Colorado
potato beetles to develop resistance to these natural pesticides. Our research has also
shown that different compounds are responsible for the pesticide activity o f extracts from
the bubbling bed bio-oils and bio-oil cuts from the mechanically fluidized reactor. Tests
should, therefore, be conducted to check for synergy between the best extracts from the
bubbling bed and the best cuts from the mechanically fluidized reactor.
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